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ABSTRACT 
An investigation of the spectral characteristics of 
physiological tremor and cold-induced shivering tremor in 
the limbs of healthy subjects was conducted. Recordings 
of posture-maintaining index finger and hand tremor 
motion were made using miniature accelerometers, together 
with emg activity in associated superficial extensor and 
flexor muscles. 
The effects on physiological finger and hand tremor 
spectra of systematically applied external inertial and 
force loads were studied. Comparison was made of 
bilateral index finger tremor spectra in three 
characteristic frequency bands. Estimates were also made 
of the variation of hand tremor frequency with time. The 
results showed that the dominant responses to modified 
limb inertia were representative of those of a second 
order mass-spring mechanism. In contrast, tremor 
frequency changes consequent upon externally imposed 
changes in muscle stiffness were not identifiable with 
this simple mechanism, suggestive of the existence of 
muscle tone-mediated action of a reflex loop. Measurement 
of bilateral finger tremor showed no evidence for a 
common tremor site at the same segmental level. 
Significant, random changes with time of postural hand 
tremor frequency were observed. The variation of 
frequency with time was smaller at higher levels of 
externally imposed muscle tension. 
Using a variety of methods of cooling, shivering was 
induced in 6 subjects and a descriptive analysis was made 
of hand and upper arm tremor, both in one arm and 
bilaterally. An experiment was conducted to detect 
shivering responses to external localised cooling of the 
spine. The results showed that synchronous co-contraction 
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of limb flexor/extensor muscles was not universally 
present during shivering, that shivering was invariably 
accompanied by an increase in the mean level of muscle 
activity and that steady preshiverin9 muscle tone was 
often absent between episodes of shivering. Comparison of 
bilateral upper arm tremor signals showed that shivering 
was frequently evident at different frequencies without 
coherence. No shivering responses were detected when the 
spine was locally cooled to a temperature comparable with 
that when shivering was evoked by whole-body cooling. 
It is concluded that the rhythm of both types of limb 
muscle tremor is predominantly the result of the 
ｾｸ｣ｩｴ｡ｴｩｯｮ＠ and regenerative oscillation of a resonant 
structure under the influence of the highly adaptive 
spinal reflex arc. It is also recognised that the 
observation of wide variability between the subjects' 
responses may signal the action of additional factors on 
tremor characteristics. 
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CHAPTER 1 INTRODUCTION 
Rhythmic involuntary movements and tremor of muscles and 
limbs are commonly observed in both healthy humans and 
those with malfunctions of the nervous system, and ·range 
in intensity from the barely observable to the patently 
disabling. In healthy humans they occur during shivering 
in the cold, trembling during emotional arousal, and as a 
'background' activity to normal muscle tone 
(physiological tremor) . The last is usually evident at 
very low levels when muscles are at rest, but may assume 
greater amplitude during movement and posture 
maintenance, occasionally to a degree which interferes 
with normal activity. A wide range of characteristic 
tremors associated with neuropathological conditions 
have in the past been classified and studied (Capildeo & 
Findley, 1984), and their observation continues to 
provide an important clinical diagnostic tool. There 
seems to be no single underlying tremogenic mechanism 
which is responsible for these various manifestations, 
either normal or abnormal. Only the tremor of shivering 
is ascribed with a physiological function 
(thermoregulation); the rest have no obvious use. 
Physiological tremor may reflect the behaviour of a 
neuromuscular system designed for rapid response, or 
perhaps result from natural imperfections in one or more 
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control loops in the nervous system, while pathological 
and emotionally induced tremors could be abnormal 
rhythms of nerve cell discharges or instabilities 
associated with the modification of neuromuscular 
activity. 
This thesis describes investigations, conducted at the 
RAF Institute of Aviation Medicine, into the mechanisms 
governing physiological and shivering limb tremor of a 
number of humans with no overt abnormalities. The 
interest of this Institute in these phenomena stems from 
the recognition of the importance of shivering in the 
human thermoregulatory response to cold, which is vital 
to the survival of aircrew during accidental exposure to 
environmental temperature extremes. As an illustration, 
recent studies have been conducted at this Institute to 
determine whether or not shivering is counter-productive 
to heat retention during water immersion, by virtue of 
its disturbance of the water-tissue boundary layer 
(Sowood, 1988). Such studies, among others, may lead to 
the conclusion that in certain cold survival situations 
the control of shivering and its onset may be desirable, 
in order to reduce heat losses. 
The author considered that, in attempting to throw 
further light on cold-induced shivering, an initial 
understanding of the mechanisms underlying normal tremor 
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(exhibited in thermoneutral conditions) was an essential 
precursor to the study of shivering. Furthermore, it 
would be surprising if these two tremors did not involve 
common mechanisms, since they inevitably share some of 
same pathways of the central nervous system. 
The work was conducted against a background of previous 
studies, a not insignificant but natural feature of which 
is the appearance of conflict between the findings and 
interpretations of various researchers. It was therefore 
done with an open mind, and an earnest desire to resolve 
some of the past disparities (described later) without 
firm adherence to any particular theories or beliefs. One 
result of this is that the study addresses some of the 
more basic or 'baseline' aspects of the phenomena; in the 
process, the author has inevitably repeated work 
conducted elsewhere, in part with the hope that a fresh 
look will provide additional clues to the underlying 
mechanisms. 
The broad aims of the study may be summarised as 
follows:-
As a preliminary step, to review past research work 
likely to have relevance to the determination of the 
mechanisms underlying background and shivering tremor in 
humans. 
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To devise a non-invasive methodology for tremor detection 
in the upper limbs which allows further investigations 
into relationships between tremor motion and muscle 
activity in the limbs. 
To conduct experiments to investigate some aspects of the 
regional variation of both tremors, and their 
susceptibility to external modification by both 
mechanical and thermal means. 
To employ the results of the above as evidence in 
support of a likely model of the underlying tremor 
mechanisms. 
1.1 Classification of Tremor 
Tremor is the most important of a group of terms 
describing classes of involuntary body movements which 
have great significance in clinical studies of the 
central nervous system (CNS) of humans. Interest in the 
study of these movements and in their classification is 
particularly centred on their potential for aiding 
diagnosis of neurological disease, but also on the 
knowledge that may be gained thereby about the 
organisation of the nervous system. Tremor is 
characterised by its appearance as an oscillation about a 
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mean position of, or superimposed on the movement of, 
those parts ｨｬｴｬｾ＠ body involving the action of muscles, 
such as limbs, digits, eyes and mouth. Tremor may be of a 
continuous or episodic nature, and its rhythm 
distinguishes it from transient motions such as tics, 
d)Stonia and myoclonus. The last term may be also be used 
to describe impulsive tremor activity. Tremor may itself 
be classified according to the behavioural circumstances 
in which it is evoked, the body part affected, its 
amplitude, frequency and duration, the presence or 
absence of other neurological signs, its response to drug 
treatment, and family history of a patient (Capildeo & 
Findley, 1984). Frequency is widely considered to be the 
primary criterion of classification. As discussed later, 
a particular tremor will always contain power over a 
range of frequencies, so there is a difficulty in 
describing it by a discrete frequency value. Normally the 
peak or dominant component is chosen; it is true to say, 
however, that abnormal tremors are often of relatively 
large amplitude and most of their power occupies a narrow 
band of frequencies, so easing the job of classification. 
A summary of the common clinically important frequencies 
is shown below. 
1.5 to 3Hz Band 
Tremors falling in this band are usually called coarse or 
ataxic, and they affect head, trunk and upper limbs. They 
17 
are often associated with demyelinating disease, but a 
particular tremor at 3Hz is thought to result from 
atrophy of the cerebellum (Mauritz et al., 1981). Coarse 
tremors may be of large and potentially injurious 
amplitude. 
4 to 5Hz B_ang 
This band includes cerebellar, rubral and Parkinsonian 
resting tremors which are thought to arise from lesions 
in brain pathways (Struppler et al., 1978). 
6Hz 
A variety of identifiable tremors have a frequency within 
0.2Hz of 6Hz and are associated with Parkinson's disease, 
pyramidal tract lesions and peripheral neuropathy. On the 
basis that all of these tremors involve abnormal activity 
at the level of the spinal neurone pool, a common 
tremogenic mechanism, deriving its rhythmicity from 
structures at the spinal level, has been postulated 
(Findley et al., 1981). 
8 to 12Hz Band 
Symptomatic tremors in this highest band are often termed 
'enhanced physiological tremor' and are of diverse origin 
related to factors such as anxiety, fatigue, excess 
alcohol intake and increased metabolism. 
18 
- . _ 
To illustrate the need for further levels of 
classification it is notable that a condition described 
as 'essential tremor' and normally not associated with a 
known disease, may occur at frequencies which range from 
4 to 9 Hz and do not fit neatly into the scheme above. In 
this case a description of other distinguishing features 
is necessary, such as body regions affected, degree of 
severity, association with normal muscular activity, 
familial factors and sensitivity to drugs (eg, alcohol) . 
1. 2. }?__b.__y_siolo_g_ical Tremor 
This is the tremor which accompanies all muscular 
activity. It is not normally perceived but may be 
augmented to visible amplitudes by fatigue, emotion or 
unusual postures. Tremor affects limbs or digits and 
involves the muscles acting round one or more joints. If 
there is no electrical activity in a particular group of 
muscles they do not contribute to the movement of a limb. 
Recording of the motion of the resting limb with, for 
example, an accelerometer, will show very small random 
movements caused by the coupling through surrounding 
viscoelastic tissue of forces from other muscle groups 
perhaps involved in posture maintenance elsewhere in the 
body. In addition a small regular component due to the 
ballistic effect of the heart may be observed (Marsden et 
19 
al., 1969). This may generate 
corresponding to that of the 
frequency components 
heart beat and its 
harmonics. If one or more of the muscles is voluntarily 
contracted by maintaining the limb posture against the 
force of gravity then a characteristic tremor of 
increased amplitude will be evoked which swamps the 
resting pertubations and appears to originate in the 
contracted muscles. 
A comprehensive study of the postural tremor of the hand 
in 97 subjects, ranging in age from 15 to 80 years old, 
has been made by Wade et al., (1982). Signals from 
accelerometers strapped to the backs of both hands were 
analysed on-line to generate power spectra of tremor 
acceleration. Their methodology for signal preparation 
and the ensemble averaging used for reliable estimation 
of power spectra is representative of that widely 
employed in other tremor studies. They found that 
although there were characteristic differences between 
the spectral patterns of different subjects and also 
between the left and right hands of a given subject, 
these remained constant over long periods and acted as a 
form of signature for a particular subject, examples of 
which they described. Peak frequencies of the tremor were 
generally in the range 6-8Hz, although there was 
significant power up to 20 Hz in some spectra, and modal 
frequencies decreased with age. Two thirds of the 
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subjects had tremors of less than O.Olg (g=9.81ms-2 ) in 
the band 6-8Hz, and the authors noted that tremor in 
excess of 0.007g became noticeable to the observer. 
Despite widespread and detailed investigations over many 
years of the mechanisms involved (typified by those of 
Wade et al.), a completely satisfactory explanation of 
the causes of this phenomenon does not exist, although 
the anatomy of physical and neural entities and pathways 
likely to be implicated is well understood. 
A considerable amount of research has been carried out in 
the past into the mechanisms which control the onset of 
shivering, because of its importance in human 
thermoregulation. Investigations into the physical 
characteristics of shivering tremor in humans have, 
however, been less extensive than those related to 
physiological tremor. This is probably for two main 
reasons. First, physiological tremor activity is more 
closely associated with the observations of those tremors 
occurring as a result of diseases of the nervous system, 
with a correspondingly higher level of related research. 
Secondly, special procedures involving manipulation of 
the body temperatures are generally required to elicit 
21 
shivering behaviour, which restricts the opportunities 
for measurements to laboratories equipped to provide 
these conditions with adequate safety provisions. 
The tremor of shivering in some ways parallels 
physiological tremor. Both are present in homeotherms but 
absent in poikilotherms, they both occur in a wide 
selection of muscles, and their regularity is disrupted 
by deafferentiation (Stuart et al., 1963). Shivering is 
one of a number of autonomic responses to cold 
stimulation of peripheral and central (posterior 
hypothalamus) temperature receptors. Localised cold 
stimulation of the spine has also been shown to induce 
shivering in rabbits (Kosaka & Simon, 1968) . 
In man, shivering may be elicited when the mean skin 
temperature falls to about 25°C, despite an unaltered 
core temperature. It has also been demonstrated when both 
the mean skin temperature and rectal temperature are in 
the thermoneutral range if the face and lateral parts of 
the head are cooled, suggestive of a localised blood flow 
mediated action on central receptors alone (Buguet et 
al., 1976). Shivering is reported to be absent or 
reduced during sleep in the presence of lowered body 
temperatures (Kreider & Iampietro, 1959, Irving et al., 
1960). An increase in muscle tone, prior to overt 
shivering tremor, manifest by increased electromyographic 
22 
(emg) activity, is often observed during experiments 
involving progressive cooling of human subjects (Israel & 
Pozos, 1989). Shivering involves rhythmical contraction 
of most of the skeletal muscles, and agonist-antagonist 
muscle groups in limbs are reported to exhibit phase-
coordinated contractions and relaxations. This behaviour 
is consistent with the increased heat production of 
isotonic activity, whilst minimising convective heat 
losses associated with large excursions of limbs (Stuart 
et al. , 19 63) . 
The tremor of shivering is generally of much greater 
amplitude than that of physiological tremor, while its 
frequency range is similar. Unlike physiological tremor, 
shivering is often episodic in nature, particularly in 
the early stages of progressive cooling, and is subject, 
in some degree, to voluntary supression (this author's 
observations) . Small differences in tremor frequencies of 
various muscles have been observed, uncorrelated with 
distance from the body axis (Eldred et al., 1966). An 
increase in tremor frequency of the outstretched arm when 
masses were attached to the wrist has been reported by 
Stuart et al. (1966), who also reported an increase in 
both parkinsonian and physiological tremor frequency with 
this form of loading. As shown below, this observation is 
in conflict with the findings of the present study. 
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1.4. Organisation of Neuromuscular ｃｯｮｴｾｑｾ＠
1.4.1. ｎ･ｾｲｯｮ･＠ PathwaY-s 
Neurones are classified mainly on the basis of axon 
properties. In the CNS, classification relating to the 
number of collateral branches of their axons is of 
importance. Alternatively, neurones are classified 
according to axon diameter and whether or not they are 
myelinated, which determines their conduction velocities. 
Peripheral axons or fibres were first classified 
according to transmission properties and location into 
groups A, B and C. Group A fibres, those with the highest 
conduction velocities, are further divided into alpha, 
beta, gamma and delta subgroups, in descending order of 
velocity. 
Afferent fibres have been separately classified into 
groups I to IV, again in descending order of conduction 
velocity. Group IV fibres correspond to the group C 
fibres, while groups I to III roughly correspond to the A 
group. To avoid confusion, it is normal to restrict the 
alphabetical grouping to efferent fibres and the 
numerical grouping to afferent fibres. 
24 
Figure 1 shows a schematic of the pathways involved in 
the activation and control of skeletal muscle of the 
limbs. 
The pyramidal (corticospinal) tract contains highly 
structured efferent fibres from motor and sensory cortex 
1 
and cerebellar neurones which synapse with spinal 
anterior horn alpha and gamma motor neurones, either 
directly or by way of spinal interneurones. The main 
purpose of this tract is to initiate and control 
voluntary movements. The extrapyramidal system, a 
grouping of supraspinal centres concerned with the 
involuntary refinement of movement and posture (but also 
capable of mediating limited voluntary activity), carries 
descending fibres from nuclei and basal ganglia to the 
motor neurones (Bowsher, 1975) . 
The motor neurones send fast group A axon fibres through 
mixed spinal nerves to innervate fibres in the muscles. A 
single motor neurone, together with the number of fibres 
with which it synapses is called a motor unit. 
Differentiation in the motor neurones exists, both in 
terms of their size and the numbers of muscle fibres 
controlled, and their own response characteristics to 
incoming impulses. Alpha neurones directly excite 
contraction of the main, extrafusal fibres in a muscle 
responsible for its action as a prime mover. The smaller 
1. 1l1e cerebellum acts as a feedback route for both pyramidal and extrapyramidal 
motor control. 
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gamma neurones, on the other hand, activate contraction 
of intrafusal fibres within the spindle proprioceptors 
which populate skeletal muscle (see 1.5.2.), which both 
modifies their force and motion detection sensitivities 
and, by means of feedback, may elicit firing of motor 
neurones and contraction of the main fibres. There is 
also a highly organised system of interconnections 
between the motor neurones and associated interneurones 
within which mechanisms for localised recurrent 
inhibition, based on the action of Renshaw cells, have 
been identified, and which promotes the coordination and 
coactivation of muscles for the performance of complex 
movements and gravity-resisting posture maintenance. 
Afferent fibres, travelling in the same nerves as the 
motor axons and originating from nerve cell bodies 
located in the dorsal root ganglia, carry proprioceptive 
information from muscles, joints and skin to the spine 
and brain. These provide the pathways for both short 
latency reflex feedback, by direct synapse on alpha and 
gamma motor neurones and associated interneurones, and 
long latency feedback to supraspinal centres. 
Of particular importance in the regulation qf muscle 
action are the group Ia and II fibres from spindle organs 
(activated by gamma efferents) and the group Ib fibres 
from Golgi tendon organs. As detailed below, these are 
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crucial to the regulation of muscle performance during 
the changes of length, velocity and force that occur when 
a limb is moved or stabilised against external loads. 
1.4.2. Hormonal Influences 
Modification of the twitch tension and duration of 
skeletal muscle fibres is known to occur as a result of 
the action of blood circulating hormones such as 
adrenaline on beta-adrenergic receptor sites on muscle 
fibres (Bowman, 1980) . Their net effect on particular 
muscles is dependent on the proportions of fast to slow 
contracting fibres in the muscle, since the contractile 
properties of the two are oppositely affected. Human 
skeletal muscles contain a mixture of fibre types. 
However, since slow contracting fibres, whose twitch 
tension and duration are reduced by the action of beta 
agonists, are more sensitive than the fast variety, the 
overall effect of beta agonists on human muscle is often 
manifest as a reduction in the tension and fusion of 
incomplete tetanic contraction. It has been suggested 
that this mechanism is contributory to the increase in 
tremor and postural muscle weakness accompanying fear or 
anxiety states. 
There is also evidence that muscle proprioceptor 
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excitability may be modified by a similar action on 
intrafusal muscle fibres (Barker & Saito, 1981), and this 
may also contribute to the tremogenic effects of 
adrenaline released under the influence of the 
sympathetic system. 
1.5. Mechanisms ImP-licated in Physiological 
ｑｲｲｯｾｨｾｶ･ｲｩｮｧ＠ Tremor 
1. 5 .1. M§_chg._:o_;i.cal PrQperties of Mus<;l_§. 
ｾｷｩ＠ ｴｱ｢Ｎ｟｟｟ｒ･Ｄ［ｧｯｮ｟ｾ ｟＠
Bawa and Stein (1976) measured the twitch forces 
generated by the human soleus muscle under near-isometric 
conditions when it was electrically stimulated over a 
range of frequencies. They found that the muscle 
behaviour was well modelled by a system with a second 
order frequency response comprised of two real time 
constants, one of which was determined by the muscle 
fibre viscoelastic properties and the tendon and 
connective tissue elasticity, and the other by the decay 
of the active state of the contractile mechanism (Figure 
2a) . They pointed out that observed experimental 
departure from this model could have been due to the lack 
of perfect isometry during measurement, and also noted a 
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nonlinear dependence of time constants on excitation 
frequency. This confirmed earlier findings from similar 
investigations on the soleus muscle of the ca·t (Mannard & 
Stein, 1973) . The parameters of the second order system 
also changed systematically with muscle length, which 
was in accord with the long recognised length-tension 
properties of muscle fibres, in that both the twitch 
tension and its time course increase with fibre length 
(Figure 2b) . 
Effect of an External Load 
Under normal circumstances a muscle will be operating 
across a joint on a wide range of inertial and elastic 
loads which will affect its behaviour during both 
voluntary and rhythmic involuntary movements. In this 
case, the combined muscle I load response may be 
approximated by a fourth order system having two real 
roots and two complex roots, resulting in a damped, 
oscillatory impulse response (Figure 3) . This has been 
verified experimentally by Stiles and Randall (1967) for 
the finger and hand by observing the response of the 
oustretched limb to an externally imposed impulsive 
mechanical disturbance, under different load conditions. 
Damping ratios of between 0.1 and 0.2 were recorded for a 
range of damped frequencies which were largely determined 
by the changes of externally imposed loads.· In the case 
of an unloaded, posture-maintaining limb (no externally 
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attached masses or springs), its resonant frequency will 
depend on the moment of inertia of the limb about the 
joint, the mass of the muscle, its viscosity and its 
incremental stiffness. This last parameter may be 
expressed by 
Ka = Q. (dp/dx) x ( 1) 1 
where K =incremental stiffness, Q=fraction of recruited 
a 
fibres, and (dp/dx) =slope of length-tension curve at 
X 
length x for a fully recruited muscle. K will 
a 
vary 
proportionately with the recruitment level or tone of 
the muscle as it affects the number of parallel 
extrafusal fibres contributing. The length dependence 
implied in (1) is predicted by the nonlinear length-
tension curve for the series elastic elements (Matthews, 
1959) . The unloaded, outstretched finger is reported to 
have a resonant frequency of around 27Hz (Halliday & 
Redfearn, 1956) . 
There are a number of other important factors which can 
modify the mechanical behaviour of a limb, and which may 
be implicated in disagreements between the findings of 
different workers. Its motion will, in general, be 
determined by the combined activity and mechanical 
properties of a number of coupled, synergistic muscles 
whose relative contribution may depend on the 
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experimental situation (eg, posture change) . The limb may 
also exhibit several coupled degrees of freedom in its 
motion. Studies of the in vivo behaviour of single 
muscles must therefore take this into account by taking 
precautions to minimise or regulate the activity of other 
muscles acting on the limb, and by properly specifying 
the axes or planes of any attendant limb motion. 
Lakie et al. (1984) have reported that human musculo-
tendinous structures possess thixotropic properties, in 
that their inherent stiffness is dependent on the 
immediate past history of their movement. Hagbarth et al. 
(1985) investigated the properties of human finger flexor 
muscles, and showed that large transient finger flexions 
changed their stiffness (measured by the speed and 
amplitude of small angular finger extensions induced by a 
torque motor) . These after-effects gradually declined 
over a period of several minutes. They attributed this 
phenomenon to thixotropic behaviour of both extra- and 
intrafusal fibres which could be due to the formation and 
breaking of secondary bonds within the active units. It 
should be stressed that the effect of this on muscle 
responses may be due to a combination of the changes in 
both the inherent stiffness and the myotatic reflex 
responsivity of spindles. 
Fatigue of muscle resulting from sustained, high levels 
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of contraction result in a depletion of energy-supplying 
substrates and an increase in lactic acid concentration, 
accompanied by a fall in tetanic tension and an increase 
in half time for relaxation (Jones, 1973). This can be 
expected to occur mainly in the fast glycolytic fibres of 
a muscle. The mechanical behaviour of a muscle may 
therefore be modified by this change in twitch response. 
In studying the inherent mechanical properties of muscle 
it is important to exclude, as far as possible, any 
neural reflex action which, as discussed later, will 
modify its apparent stiffness. In their experiments 
described in 1.5.1., Bawa and Stein (1976) relied on the 
suppression of this factor by the use of an isometric 
technique to minimise changes in muscle length, and 
monitoring of the emg waveform to confirm the absence of 
reflex signals. Mannard and Stein (1973), in their 
parallel study in the cat, also denervated all other 
muscles in the limb under study to eliminate the 
possibility of synergist muscle reflex action. 
1.5.2. ｍｾｳ｣ｬ･＠ Reflexes - The motor servo 
The importance of reflexes in the action of muscles 
cannot be overstated. The well known patellar tendon tap 
response signals the existence of the muscle reflex in 
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man, but hardly gives a clue to the sophisticated 
regulation of muscle action that it provides. Stronger 
evidence for a regulatory function is offered by the 
profusion of sensory receptor vnnervation in most 
mammalian muscle. For example, the approximately 150 
alpha fibres to the cat soleus are outnumbered by some 
240 fibres, both afferent and efferent (140 group 1 and 
2 afferents, and 100 gamma efferents), projecting onto 
indwelling sensory receptors (Matthews, 1981) . Evidence 
supporting the presence of reflex action also derives 
from studies of the muscle emg, which exhibits waveforms 
attributable to effects of reflexes acting over both 
short and long loops in the CNS (Marsden et al., 1983). 
The two main receptors associated with muscle are the 
spindle and the tendon organ. 
Golgi tendon organs are to be found in the tendon 
fascicles, each of whicbattachesto a number of extrafusal 
fibres, and are extremely sensitive to low levels of 
stretch. Their integrated responses can be assumed to 
provide the CNS, via the mainly inhibitory influence of 
its afferent Ib nerve fibres, with a continuous average 
measure of the tension in the whole muscle over its full 
range of force and length. In view of the absence of a 
1:1 relation between motor firing and contractile forces 
(modified, for example, by velocity, length, fatigue), 
36 
this information would not otherwise be available to the 
CNS. Tendon organs do not appear to differentiate 
markedly between static and dynamic muscle tension 
changes (Stauffer & Stephens, 1977) . There is no longer 
any support for the notion that they signal imminent 
overload of the muscle at high force levels. 
The muscle spindle is a complex structure, classically 
described by Sherrington (1894) and Ruffini (1898). 
Modern investigations of its structure have confirmed 
that it is comprised of two main morphological 
substructures, the nuclear bag fibres and the nuclear 
chain fibres. Both of these regions of contractile fibres 
(intrafusal) are innervated by gamma-efferents which can 
excite contraction of the fibres. Group Ia primary and 
group II secondary afferent nerve fibres, which fire 
rhythmically when stretched, terminate on the intrafusal 
fibres. The mechanical properties of the different 
regions of the spindle and the positions of the afferent 
nerve terminals result in differences in the firing rate 
response to intrafusal fibre stretches. In the passive 
spindle, both nerve fibre types generate signals which 
may be described as 'proportional+derivative' in that 
their firing rates depends on the stretch and rate of 
change of stretch of the spindle. Primary endings, 
however, have a much greater sensitivity to changes in 
length and velocity, in terms of modulation of firing 
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rate. Both static and dynamic sensitivities are very 
nonlinear, so that, for instance, the primary endings are 
relatively more sensitive to low than high velocities 
(Schafer, 1973). Additionally, primary endings have a 
much smaller range of linear response to stretch compared 
with that of the secondary endings (Matthews, 1969). 
Primary endings also exhibit the ability to 'reset' 
after a large static stretch, and regain their high 
sensitivity to small dynamic stretches. 
In the absence of fusimotor excitation of the intrafusal 
fibres by the gamma efferent fibres, contraction of the 
parallel main muscle fibres causes the spindles to 
slacken and the primary and secondary endings to fall 
silent. Subsequent fusimotor activity re-stretches the 
spindles and its receptors will again respond to muscle 
stretch. 
The function of fusimotor action is very complex. Its 
most basic function is to enable spindle receptors to 
operate over the full range of muscle length, in 
particular during contraction. It is, furthermore, 
thought to be responsible for fine adjustment of spindle 
sensitivity to suit prevailing mechanical conditions, 
thereby modifying both the static and dynamic gain of the 
muscle reflex loops. Both dynamic and static gamma axons 
have been identified. Dynamic axons greatly accentuate 
38 
the response of primary endings to dynamic stimuli but 
have little influence on secondary endings. Static axons 
excite both primary and secondary endings to fire under 
static conditions, but reduce the sensitivity of both 
types to dynamic stimuli. The gamma efferent system thus 
provides the means for adapting the motor servo reflex 
loops to changing muscle lengths and velocities, but also 
for direct augmentation and fine control of the alpha 
motor excitation through the same reflex loops. 
Houk and Rymer (1981) contend that the overriding 
function of the reflex system in limbs is both to control 
the effective stiffness of muscles during voluntary 
movements under a wide range of loads and positions of 
the limbs, and to compensate automatically for 
unpredicted changes of the latter. This accords with the 
classical notion of the behaviour of a servo, in that 
negative feedback (or feedforward) of appropriate 
functions of the desired response can improve a desired 
aspect of the performance of a system. Unfortunately, the 
nervous system differs strikingly from commonly found 
mechanical or electrical servos because its feedback 
paths suffer from inherent and undesirable transmission 
time delays which are of comparable duration to that of 
the system's open loop impulse response. In this case, 
prediction of the behaviour of such a system based on an 
approximation to a linear model and the application of 
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classical linear analysis, is not possible. Nonetheless, 
it is well known that time delays introduced into a 
linear servo have a destabilising effect. It may be that 
the high degree of sophistication of the muscle control 
system has developed to compensate for this serious 
design fault. Support for this idea can be found in the 
design of process control systems with similar transport 
delays {eg, temperature regulation of a fluid flow 
process), where multiple feedforward and feedback 
techniques are often necessary for accurate and stable 
regulation. 
1.5.3. Control of Muscle ｃｯｮｴｲ｡｣ｴｩｯｾ＠
The adjustment of the force generated by a muscle and 
required by the CNS to perform a particular manoeuvre is 
ultimately mediated by changes in the firing of the pool 
of alpha motor neurones associated with the muscle. 
Within a given pool, the constituent neurones have a 
range of sizes which exhibits a skewed distribution with 
a preponderance of smaller sized units, these being 
associated with fewer extrafusal muscle fibres. To 
achieve a smooth transition of muscle force during, for 
example, a ramp increase, two processes are employed, 
recruitment according to size, and rate coding. In the 
first of these, motor units commence firing in an 
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orderly and normally predictable manner, with an 
ascending order of size according to the muscle force 
generated (the size principle) . This size related 
recruitment is further enhanced by the fact that larger 
motor units generate higher twitch forces with faster 
contraction times. Rate coding, which overlies the 
recruitment process, occurs when newly recruited neurones 
increase in a graduated manner their rate of firing from 
a minimum introductory rate up to a higher maximum rate. 
By virtue of the twitch fusion effect of the muscle 
fibres, this has the effect of introducing a smooth 
increase of force in the muscle fibres of an already 
recruited motor unit. Milner-Brown et al. (1973) showed 
that for ramp increases of force in the human 
interosseous muscle all motor units began firing at 8.4 
impulses/s, independent of threshold for recruitment. 
Their rates increased by 1.4 impulses/s for each 0.1kg wt 
increment of muscle force, with some dependence on the 
rate of force modulation. They showed that over the range 
considered, increased rate accounted for two thirds and 
recruitment only one third of the total force. Monster 
and Chan (1977) also demonstrated that in the human 
finger extensor the recruitment threshold was very 
constant at 8 impulses/s, with increases in rate to 16-24 
impulses/s as total muscle force increased. Higher 
threshold units exhibited a smaller range of variation, 
but at a higher force/frequency slope. 
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It is clear that modulation of the force levels in a 
muscle may occur both in response to frequency modulation 
of the firing rate of sets of motor units, or by virtue 
of their successive recruitment and de-recruitment. As 
discussed later, the fact that at a given level of force 
the biggest of the motor units will be involved in this 
second process, at about the threshold firing rate of 
8Hz, may be contributory to tremor generation. 
1.6. ｔｮｾｯｲｩｾｾＹｮ＠ the Sources of Physiological ｔｲｾｭｯｲ＠
Past research into the causes of physiological tremor has 
to some extent been centered on the possibility of a 
single or dominant underlying tremogenic mechanism 
(Randall, 1973, Reitz and Stiles, 1974)). This originally 
led to groups of workers espousing and favouring 
competing hypotheses (Stiles and Randall, 1967) . More 
recent work has recognised that the tremor may be an 
expression of a complex interaction between a number of 
factors, no single one of which is necessarily dominant, 
but all of which contribute in varying degree to its 
characteristics. 
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1.6.1. Passive Mechanical Properties of a Limb 
As discussed in 1.5.1., muscles acting around a joint on 
2.. 
the mass of a limb and any externally imposed loads may 
be approximated by a fourth order mechanical system which 
has the potential for resonant behaviour. Such a system 
acts as a filter on any incoming nerve impulses, and the 
resultant motion of the limb may include transient 
oscillatory components or, if the nerve signals contain 
random modulations in an appropriate band of frequencies, 
can exhibit a peaked frequency spectrum whose form is 
largely dependent on the mechanical parameters of the 
limb. The natural resonant angular frequency {w )3 and 
n 
damping ratio {d) will depend on the stiffness of the 
muscles {k), which is determined by their state of 
contraction, the total mass of the limb and external load 
(m), and the tissue viscous damping (c) given 
approximately by: 
w = 
n 
d = c/ ｻＲｾｫｭＩ＠
{2) 
(3) 
In the absence of any neuromuscular feedback or pre-
existing rhythmical components in the nervous drive to 
the muscles, the sustained oscillatory motion of 
physiological tremor cannot easily be explained by the 
2. See Annex C, note 1. 
3. See A.tmex C, note 2. 
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passive resonant behaviour alone. Reitz and Stiles (1974) 
have, however, proposed a solely passive mechanical 
mechanism for postural tremor relying on a combination of 
the irregular firing of motor units and the mechanical 
filtering effect of muscles during tonic contraction. As 
will be shown below, evidence from the present study does 
not support this contention. 
Limb mechanics may in fact be only contributory to the 
genesis of tremor and to its spectral characteristics, 
since proprioceptive feedback is normally present. Elble 
(1986) has identified peaks in the power spectra of 
physiological and essential tremor which are modified by 
changing the passive limb properties, together with 
frequency invariant peaks which appear to be unrelated to 
the limb mechanics, suggestive of other causes of tremor. 
1.6.2. RhY-thmicity at the SP-inal ｌｾｾ･ｬ＠
The possibility has been considered that the process of 
recruitment of alpha neurones is wholly or mainly 
reponsible for physiological tremor. During a progressive 
increase of tonic contraction of a muscle, motor units 
are recruited at a minimum rate of 8.4 impulses/s with an 
ordered ranking of size, such that at any particular 
level of tone the largest units are firing near the 
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recruitment rate. This rate is below that at which twitch 
fusion of individual fibres occurs and, provided there is 
sufficient synchrony of these motor units, the potential 
exists for muscle tremor with a peak at about 8Hz. Allum 
et al. (1978) have proposed that the 8-12Hz spectral peak 
of physiological tremor can be explained by the 
combination of a low frequency modulation of firing rate 
and recruitment rate together with a higher frequency 
range of unfused muscle twitches, with a maximum force at 
about 8Hz, falling off towards 25Hz when complete twitch 
fusion has occurred. They further propose that this 
process is independent of any synchrony in the motor 
pool, that any synchrony that occurs is only short-term 
(<3ms), and that the effect of synchrony is only to 
change the amplitude and shape of the tremor power 
spectrum. A serious shortcoming of their study is that it 
does not reconcile their findings with observations 
elsewhere of the modification of tremor frequency by 
external loading. 
Elble and Randall (1976) have in the past taken the view 
that synchronous motor unit activity is essential for 
tremor generation. They studied the inter-spike intervals 
of human muscle motor units and correlated them with the 
surface emg and the 8-12Hz tremor of the finger measured 
by a force transducer. They recorded the presence of 
grouped double discharge spikes which correlated strongly 
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with 8-12Hz tremor and suggested that this was strong 
evidence that the tremor was due to recurrent Renshaw 
inhibition-rebound activity reinforced by stretch reflex 
synchronisation in the motor pool. Again, their 
hypothesis does not convincingly accommodate the effects 
of limb mechanics on tremor frequency observed in other 
experiments (this study, for example). Indeed, they cite 
evidence that finger tremor frequency does not decrease 
on application of external mass loads, whilst in fact 
observing an increase of finger tremor frequency with 
mass loading. 
It is likely that some rhythmical activity at the spinal 
level will always accompany tremor, because of the 
integrity of the motor pool and its muscle. It remains 
doubtful whether a local spinal rhythmicity such as that 
proposed above can be the sole origin of physiological 
tremor. 
1.6.3. Reflex Loop Oscillation 
The existence of proprioceptive reflex or feedback loops 
in the neuromuscular system provides the possibility of 
regenerative oscillation akin to that exhibited under 
certain conditions by linear servomechanisms. In 
particular, sustained oscillations of constant amplitude 
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and frequency are observed in negative feedback systems 
of appropriate transfer function and loop gain which 
include a nonlinear or amplitude limiting element in the 
loop. Although attempts have been made in the past to 
model the neuromuscular system by linear analogues there 
are a number of inherent characteristics, described 
below, which limit the effectiveness of this approach. 
1. Efferent and afferent nerve fibre transmission delays 
inhibit analysis using linear techniques. 
2. The muscle is a unilateral prime mover, insomuch as it 
can only contract actively; stretching is a passive 
process (an exception to this is the coordinated push-
pull action of agonist-antagonist muscle groups) . 
3. Since the muscle signals are essentially multi-path 
frequency modulated pulse trains of constant amplitude, 
the system 'gain' describes two processes, namely, the 
response to carrier modulations, and the response to 
changes in the number of active pathways mediated by 
changes in the numbers of active motor neurones and 
spindles. 
4. The feedback signals generated by a particular motor 
unit and its associated spindles project onto other 
independently active motor units in the motor pool. 
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5. The rate modulation sensitivity of the muscle spindles 
is nonlinear. 
It is evident that the muscle feedback system is 
intrinsically stable since it is capable of directing and 
controlling rapid and large amplitude body movements 
with a high degree of accuracy. Nevertheless it is 
possible that tremor reflects a background instability of 
the system which is normally limited in amplitude by some 
as yet unknown mechanism. 
Lippold (1970) recorded both the tremor and averaged 
motion responses to brief downward displacements of the 
finger and found that they were both in the 8-12Hz band. 
Lippold noted an additional initial component of the 
displacement response at about 27Hz which he attributed 
to the natural resonance of the finger. Cooling of the 
arm lowered the mode frequency of the response and 
heating of the arm raised it. The application of an 
arterial cuff caused a profound decrease in tremor 
amplitude even when maximum voluntary contraction was 
unaffected. He proposed a reflex loop instability 
mediated by the loop transmission delay as a possible 
cause for physiological tremor, and cited work elsewhere 
(Halliday & Redfearn, 1958) which showed that 
deafferentiation abolished tremor as evidence in support 
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of this mechanism. 
Joyce and Rack (1974) found that by adjusting the 
resonant frequency of the forearm to between 8 and 12Hz 
using attached masses and springs, and increasing the 
flexion force at the elbow, tremor about the flexed elbow 
became very large and regular. With the limb natural 
frequency adjusted to be outside this range the tremor 
spectrum in some of their subjects showed a peak which 
followed their adjustment of the limb resonant frequency, 
together with a peak at 8-12Hz unaffected by the 
adjustments, which they attributed to the delayed reflex 
action of the muscle system. They pointed out that the 
two peaks could reflect the response to central wideband 
driving of a system having two natural modes (the limb 
resonance plus that of the reflex delay loop), but argued 
that the reinforcement effect described above was the 
result of spontaneous oscillation of the reflex loop. 
They also proposed that the observed increase in tremor 
amplitude with muscle flexion force was due to the effect 
of increased gain in the reflex loop. 
Oguztoreli and Stein (1975) have used numerical methods 
to model a neuromuscular reflex loop incorporating a 
fourth order muscle/load system and a pure time delay 
representing nerve transmission latency. They assumed 
that the muscle stretch receptors exhibited sensitivity 
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to both length and velocity changes. Their solution 
predicted the existence of a theoretically infinite 
number of decaying modes of oscillation and a finite 
number of growing modes of different rate constants. By 
considering only those modes in the range of frequencies 
observed in human tremor and assuming physiologically 
realistic values of muscle parameters and feedback delay, 
they were able to investigate systematically the relative 
contributions of the reflex delay, muscle mechanics and 
system gain to the genesis of the oscillations. They 
found that sustained oscillation was predicted for loop 
delay times which coincided with reinforcement from the 
mechanical resonance of the muscle. Additionally, they 
showed that a minimum loop gain was required for 
sustained oscillation, but that the frequency of 
oscillation was largely independent of gain. 
Further studies by Oguztoreli and Stein {1976) on a model 
which included mutiple reflex pathways showed that 
stability could be maintained for a higher reflex gain 
than in the single path model, a factor conducive to more 
accurate feedback control of voluntary movements. They 
also proposed that their findings could represent 
simultaneous action of short latency spinal reflex loops 
{20-50ms delay) and long latency supraspinal reflex loops 
{50-120ms delay), the former being identifiable with 8-
12Hz tremor and the latter with 4-6Hz Parkinsonian 
tremor. 
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An important feature of the work of Oguztoreli and Stein 
is that it provides a possible description of many of the 
complex features of tremor spectra, and indicates why 
other studies using a variety of techniques may have 
failed to give a satisfactory explanation for tremor 
based on simple hypotheses of the independent effects of 
muscle mechanics or reflex delays. 
1.6.4. Supraspinal Oscillators 
There appears to be little or no experimental evidence 
supporting the existence in the brain of any independent 
sources of grouped rhythmic activity associated with 
physiological tremor. Of course, the descending activity 
of the pyramidal and extrapyramidal fibres impingeing on 
the motor neurones is rhythmic, but at frequencies 
unrelated in a systematic way to those of tremor. 
Marshall and Walsh (1956) found no dependence of the 
tremor on the alpha rhythm. In fact, they found that 
10Hz tremor occurred during passive movement of the foot 
of patients with complete division of the spinal cord. 
Evidence has been found, however, of drug-induced 8-12Hz 
rhythmicity in the thalamus and inferior olive 
accompanied by essential-like tremor, although it is 
possible that this is related to reflex activity (Elble, 
1986). 
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1.7. Origin of Shivering Tremor 
Shivering has frequently been described as cold induced 
enhanced physiological tremor since it occurs in a 
similar frequency band. There are, however, a number of 
important differences which suggest that, while there may 
be common mechanisms involved, shivering tremor results 
from a higher degree of organisation in the nervous 
system. 
1. Shivering occurs simultaneously in many muscle groups 
which are unrelated at the segmental level. 
2. Shivering is reputed to involve coordination and co-
contraction of synergist muscle groups which may 
originally be at rest, whereas significant physiological 
tremor is only manifest in those muscles undergoing tonic 
contraction such as posture maintenance. 
3. Unlike physiological tremor, shivering is subject to a 
measure of voluntary control in the intact human. 
The simplest explanation for these characteristics is 
that shivering results from a centrally organised 
descending grouped activity at the shivering tremor 
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frequency. Early studies (Birzis & Hemingway, 1957) have 
identified sites in the hypothalamus and midbrain which 
show increased, uniform spike discharges resulting from 
cold induced shivering in cats, and have identified a 
descending shivering pathway associated with these sites. 
They did not observe any rhythmicity at tremor rates, and 
proposed other sites for its genesis. There appears to be 
no evidence elsewhere for descending rhythmicity in 
pathways projecting to spinal motor neurones, but there 
is much indirect evidence, such as regional variations of 
tremor rate, which suggests that other sites are 
responsible for its rhythm. 
Kosaka and Simon (1968) studied the emg of the lumbar 
dorsal trunk muscles of both intact and spinal rabbits in 
which shivering was induced by external and selective 
spinal cooling. Grouped discharges occurred to a greater 
extent under spinal cooling in both groups of animals. On 
average, grouped discharges were observed more often in 
intact than in spinalized rabbits, but shivering was not 
completely abolished in the spinalized animal. The 
results indicated that the range of frequencies of the 
cold induced tremor produced by the isolated spinal cord 
was identical to that produced by the intact nervous 
system, offering the conclusion that the rhythm of cold 
shivering originated within the areas of the motor 
neurone pool. 
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Stuart et al. (1966) have made extensive studies of 
shivering in animals and man. They induced limb shivering 
in lightly anaesthetised cats and recorded afferent 
activity in ventral nerve filaments carrying alpha motor 
neurone fibres. They observed rhythmical discharges at 
tremor frequencies which were reduced and less 
coordinated but not abolished when overt shivering was 
completely suppressed by neuromuscular blockage with 
intravenous gallamine triethiodide. They also showed a 
strong grouping of ventral discharge in response to, and 
synchronous with, forced manual excursions of the 
paralysed limb, indicating an intact afferent influence. 
In other preparations they demonstrated that, even after 
bilateral deafferentiation by cutting of the dorsal roots 
T13 to S3 , a much reduced level of shivering accompanied 
by synchronous motor unit discharges remained in response 
to cooling. With unilateral deafferentiation, tremor in 
an operated limb was modified by manual suppression of 
shiver in the contralateral, intact limb. Further 
experiments involving extensive cutting of cutaneous 
nerves led to the conclusion that skin receptors were not 
prominent in the precise regulation of shivering tremor. 
Stuart et al. (1966) also studied the central 
contributions to shivering tremor. They recorded the 
activity of gamma efferents at the cut ventral root of 
paralysed cats while the contralateral posterior 
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hypothalamus was electrically stimulated, at various 
levels of pentobarbital anaesthesia. It was observed that 
there was a progressive decrease of both tonic gamma 
activity and the accelerated discharges due to 
hypothalamic stimulation as dose levels were increased, 
until all gamma activity ceased at higher dose levels. 
Earlier experiments on the intact, unparalysed animals 
had shown that well organised shivering persisted up to 
the highest levels of anaesthesia, albeit with some 
modification of frequency and amplitude. They deduced 
that fusimotor activity was not essential for shivering 
but that it exercised some control over the regularity 
and frequency of tremor. Experiments were also conducted 
to differentiate between the effect of whole body cooling 
on fusimotor activity and on spindle sensitivity. They 
noted an increase of tremor frequency with body 
temperature in both the unanaesthetized and deeply 
anaesthetized cat, and that in the latter case tremor 
frequency was 2Hz to 5Hz lower and the slope of the 
change was lower over the range of temperatures for which 
shivering occurred. This was attributed to the removal of 
the central fusimotor component of the two sources of 
tremor modification. (It is of interest to note that the 
dependence of shivering tremor frequency on proprioceptor 
action determined by this work does not accord well with 
the predictions of reflex loop models of physiological 
tremor based on muscle response and loop delays, which 
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indicate a relative insensitivity of tremor frequency to 
changes in reflex loop gain) . 
It is clear from the above studies that the initiation of 
shivering by cooling of both central, spinal and 
peripheral receptors can be attributed to increased 
descending discharges into the spine. What is less clear 
is by what mechanism these signals are transformed into 
the neuromuscular tremor at shivering frequencies. 
Physiological and shivering tremors occur in a similar 
frequency range and it has been suggested that they are 
manifestations of the same mechanism (Stuart et al., 
1966) . There is indirect evidence that physiological 
tremor occurs as a result of inherent instability in the 
muscle-spindle reflex loops involving short {spinal) and 
long (brain) transmission delays, or a similar behaviour 
of Renshaw cell-motor neurone loops located within the 
spine. 
Studies have shown that tremor intensity and frequency 
may be affected by alterations in muscle spindle 
sensitivity, such as that which occurs during voluntary 
muscle action and fatigue, and under hormonal influence, 
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which supports the muscle reflex loop theory. 
Corroboration for this is also derived from experiments 
involving deafferentiation. 
However, no consistent relationship between tremor 
frequency in different locations of the body and the 
associated loop path lengths has been demonstrated, and 
the effects of temperature on limb tremor are not clearly 
associated with any direct, systematic alteration of loop 
transmission times. Neither have recordings been made of 
descending rhythmic activity, which would be expected to 
be present in tremor involving the long reflex loops. 
There is no direct evidence of a localised, spinal tremor 
mechanism. 
If, as has been proposed, shivering is physiological 
tremor amplified by centrally controlled fusimotor 
activity, then the positive evidence for the absence of 
descending rhythmicity during shivering accords best with 
existence of a common spinal proprioceptive reflex 
mechanism. It would therefore seem sensible, in order to 
understand further the tremor mechanisms, to seek further 
evidence of commonality, and to try to resolve the 
apparent differences between the two tremors detailed in 
section 1.7. 
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1. 9. ｏ｢ｪ｟ｾ｣ｴｩ＠ ve_s_gf the Present Stu.Qy 
This thesis describes experiments to investigate and 
compare the temporal and spectral characteristics of 
physiological and shivering tremor in the limbs of a 
number of healthy human subjects with the following 
objectives: 
1. To try to establish whether or not both tremors 
respond in a similar manner to controlled modification of 
the mechanical loading of the limb. 
2. To determine the relative contribution of the muscles 
to the tremor of a limb. 
3. To detect whether finger tremor is influenced by whole 
hand tremor. 
4. To determine whether there is evidence of common 
bilateral shivering and physiological limb tremor at the 
same segment level. 
5. To provide evidence of coordinated synergist muscle 
activity in shivering. 
6. To develop a simple model for the origin of the 
tremors which can satisfactorily accommodate both 
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common and distinguishing features of the two types of 
tremor. 
1.10. Design of Ex9eriments 
The objectives listed in paragraph 1.9. were chosen after 
a careful review of the findings of earlier published 
tremor studies and, in the light of this review, 
identification of areas where further investigation would 
be profitable and achievable within the scope of this 
study. Similarly, an appraisal of the techniques and 
sites used in the past for detecting tremor and 
associated muscle activity and the desire to be able to 
compare the present results with previous observations 
were the main factors influencing the experimental 
design. 
Comprehensive details of experimental procedures are 
given in CHAPTER 2 (METHODS} . Recording of limb tremor 
motion was performed by the attachment of miniature 
accelerometers to the finger, hand or arm of each of a 
number of volunteer subjects. Electrical activity in 
muscles identified as contributing to tremor at 
particular sites was detected by skin surface-mounted 
electrodes. During experiments, subjects were seated in a 
chair modified to provide limb support, or clamping when 
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appropriate. Procedures were arranged to ensure that as 
far as possible subjects remained relaxed and unaffected 
by undue fatigue or disturbances from external sources. 
The number of subjects employed was inevitably a 
compromise, to an extent dictated by the time contraints 
on the working colleagues acting as volunteers. Though 
the sample size was relatively small, it is considered 
that the subjects provided an adequate representation of 
typical tremor responses of the larger population of 
healthy adults of both sexes. 
Finally, although potential threats to the safety of the 
subjects were judged to be minimal, steps were taken to 
ensure that they were at all times during experiments 
protected against electrical shock, and supported by on-
site medically trained personnel. 
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CHAPTER 2 METHODQ 
Measurements of physiological tremor motion and 
associated emg activity were made from 11 subjects, and 
equivalent recordings of shivering tremor were made on 6 
subjects. Recording sessions were conducted in 
environmentally controlled rooms and chambers, and steps 
were taken to minimise any external disturbance or 
distraction of the subjects during the experimental 
runs. 
2.1. ExP-erimental Subjects 
The subjects invited to participate in the experiments, 
aged between 21 and 40 years and of both sexes, were 
chosen at random from among colleagues at RAF IAM. They 
were all healthy, with no known neurological 
abnormalities. As far as possible the same subjects were 
employed for each series of related experiments; however, 
some were not available throughout the whole period of 
the study and had to be replaced by new subjects, with an 
inevitable loss of continuity. All of the subjects who 
consented to participate were fully informed of the 
nature and objectives of the study, and the experiments 
were designed and approved in accordance with RAF IAM 
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Ethical Committee guidelines (Annex A shows a sample of 
the consent form which was employed) . Subjects were asked 
to desist from alcohol consumption for 24hr prior to 
scheduled experiments, and to avoid caffeine drinks 
immediately before measurement runs. 
2.2 Instrumentation 
2.2.1. Emg_measurement 
Two channels of bipolar surface emg instrumentation were 
employed for recording muscle activity. 9mm silver/silver 
chloride electrodes (type Bl/9, SLE Ltd) were attached 
with electrode jelly and adhesive tape to the skin over 
the selected limb muscle sites, positioned approximately 
25mm apart along the the long axis of the muscle. To 
minimise electrical and motion artifacts, the electrode 
lead pairs were each twisted together with a ground lead 
attached to a disposable ecg electrode placed on the limb 
at a site remote from active muscles. Emg signals were 
amplified by variable gain ac (high-pass) preamplifiers 
(Neurolog NL104, Digitimer Ltd), each with a low 
frequency cut-off of 10Hz and gain adjusted to generate 
signals of approximately lV peak-to-peak, suitable for 
permanent recording (described below) and display on a 
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two-channel oscilloscope of the raw emg. Further analysis 
of emg signals was provided, as required, by connection 
of the amplifier outputs to rectifier-integrator units 
(Neurolog NL703, Digitimer Ltd) whose output signals 
therefore reflected changes in emg activity due to spike 
frequency or amplitude modulation. The NL703 integrator 
time constants were Sms, so that the emg activity 
bandwidth was approximately 0-30Hz. 
2.2.2. Limb ｍｯｴｾｯｮ＠ Recording 
Measurement of tremor motion of limbs or digits was 
achieved by the simultaneous attachment to the tremor 
sites of up to two lightweight (3g wt) single-axis 
accelerometers (BLA2 20g, Pye Dynamics) . These employed a 
semiconductor half-bridge strain gauge technique to 
generate voltage signals, proportional to acceleration, 
of approximately +-21mV for the full scale range of +-20 
g (g=9.81ms-2 ). They were connected by screened leads to 
bridge amplifier units (constructed at RAF IAM) which 
were provided with controls to balance out gravity 
induced offsets and to adjust output signal amplitudes to 
levels suitable for display and recording. 
The use of accelerometers, rather than displacement 
transducers, to detect the tremor, conferred a number of 
important advantages. Acceleration of a limb, for a given 
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geometry and inertia, is directly proportional to the net 
forces imposed on it by the attached muscles. Velocity 
and displacement may be simply derived by successive 
integration of the accelerometer signals, whereas 
differentation of the signals from a displacement 
transducer to derive limb acceleration is a less 
satisfactory procedure due to the attendant accentuation 
of unwanted high frequency noise in the measurement 
system. Furthermore, displacement devices are generally 
more complex and would normally require accurate 
alignment of the limb with an external mechanical or 
optical reference. 
2.2.3. Data ｒｾ｣ｯｲ､ｩｮｧ＠
Amplified emg and accelerometer signals derived from the 
experimental runs were permanently recorded, together 
with time index information, on domestic video cassettes 
using a multichannel digital recorder interface (PCM8, 
Medical Systems Corporation) connected to a standard 
video recorder (HR-0140, JVC Corporation) and featuring a 
+-lOV input signal range, 60db signal to noise ratio, and 
bandwidth of 0-2.4kHz. The system also allowed recorded 
data and time index to be replayed for subsequent 
analysis. 
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2.2.4. ｾｾｾｩ｢ｾ｡ｴｩｯｮ＠
In order to relate accelerometer output signals to tremor 
acceleration, calibration was performed on the 
accelerometers using a purpose-made calibration table. 
This allowed each of the accelerometers to be rotated 
through a precise 180° angle so that its sensitive axis 
was subjected to a total change of 2g in the 
gravitational field, thus enabling its sensitivity in 
amplifier output volts per 'g' to be determined. By this 
means, the conversion factors of the 2 accelerometers 
were determined to be 4.00V.g-1 and 3.58V.g-1 (g=9.81ms-2 ), 
respectively. These values were used to set the spectrum 
analyser scaling so that spectral functions were 
presented in g units of acceleration. 
Linearity of the accelerometer and its signal 
conditioning circuits was measured by incremental 
rotation of the calibration table, and was determined to 
be within +-2% of the 2g range. Sensitivity to 
acceleration changes in the axes orthogonal to its 
response axis was determined to be less than 5% of that 
in the response axis. 
No absolute calibration was performed on the emg signals. 
However, the amplifier gains were adjusted during pre-
experimental tests so that the amplified emg signals 
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associated with maximal muscle contraction were less than 
the maximum permitted level (1V peak-peak) for correct 
action of the NL703 envelope detectors. The amplifier 
gains were then maintained constant throughout the 
measurements, thus allowing relative comparisons of 
muscle activity to be made. 
2.2.5. Sgectral Analysis 
Spectral analyses were performed on the tremor motion and 
emg data, both during and subsequent to recording 
sessions, using a real time fast Fourier transform (FFT) 
+ spectrum analyser (Model 1201, Solartron Instruments) . 
This unit was capable of simultaneous analysis of two 
electrical signals and provided a visual display of, 
inter alia, autospectral and coherence plots of incoming 
analogue data. The unit allowed selection of windowing 
function and duration, and both instantaneous and 
ensemble averaged spectral functions could be computed 
and stored on 3.5in diskettes by means of an incorporated 
mass storage device. Stored data could also be recovered 
to an external computer using a standard IEEE parallel 
communication port. 
As described in 2.2.3., raw analogue data recorded from 
the accelerometers and emg measurement sites during the 
4. See Annex C, note 5. 
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tremor investigations were permanently stored in pulse 
code modulation (PCM) format on domestic cassettes. Since 
up to 2 channels of tremor acceleration together with 2 
channels of emg were, at times, recorded simultaneously, 
in general it was necessary to replay the data at least 
twice into the 2 channel 1201 spectrum analyser in order 
to generate spectral functions of complete data from a 
particular run. The stored accelerometer data were 
analysed during replay by direct connection of the 
appropriate replay channels of the PCM8 digital recorder 
interface to the spectrum analyser. Raw emg signals were 
converted to emg activity signals, as described in 
paragraph 2.2.1., before connection to the spectrum 
analyser. 
For analysis of accelerometer signals . the spectrum 
analyser scaling was set to the appropriate values 
determined from the accelerometer calibration (paragraph 
2.2.4.), while for emg analysis it was set to unity. The 
analyser was operated in an auto-range mode. This had 
the benefit that the dynamic range of the analyser was 
continually and automatically optimised for the wide and 
unpredictable range of signal amplitudes likely to be 
encountered. Use of this mode also ensured that the input 
amplifiers of the analyser were operated within their 
linear range without overload. Signals were ac coupled 
(low frequency cutoff=1Hz) to eliminate any contribution 
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to the generated spectra from de offsets in the incoming 
signals. The analysis bandwidth used was 0-SOHz or 0-
100Hz, with corresponding filter bandwidths of 0.1 or 
0.2Hz, and measurement times of instantaneous spectra of 
7.5 or 3.75s. For the sake of brevity in the graphical 
presentation of tremor spectra, the unit was operated in 
the AUTO POWER SPECTRUM mode, resulting in ordinal units 
representing the power (eg, g 2 or V2 ) contained within 
each frequency cell or filter bandwidth. Conversion to 
power spectral densities (PSD) is easily achieved by 
dividing the power data by the appropriate filter 
bandwidths (ie, 0.1 or 0.2Hz). Up to 50 consecutive 
instantaneous spectra were automatically averaged to 
generate the ensemble averaged spectra of the data 
collected during experimental runs, each requiring a 
maximum of 190 seconds of continuous data for analysis. 
Selection of the COHERENCE mode of the analyser allowed 
coherence plots of the ensemble averaged spectral data 
captured by the two analysis channels to be computed. The 
coherence function, whose value ranges between 0 and 1, 
is the frequency domain equivalent of the cross-
correlation function employed in time domain analysis. 
For linear, single input-output systems, coherence may be 
interpreted as the fractional portion of the mean square 
value at the output that is contributed by the input at 
any given frequency within the analysis band. 
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Alternatively, it may provide a similar estimate of the relative 
contribution of a common input to two distinct outputs (Bendat & 
Piersol, 1986) . 
Despite the improvement in spectral estimation resulting from 
ensemble averaging, those signals with a large random component 
tended to produce 'noisy ' autospectra, thus making the location 
of peak power and frequency of broad peaks in the spectra more 
difficult. In these cases location was facilitated by subjecting 
the data to a double pass through a digital smoothing filter with 
a 15-term rectangular weighting (equivalent to a 30-term 
triangular weighting function) . The filter was chosen so that 
spectral peaks separated by more than 1Hz could still be 
resolved. Mode frequencies were determined by location of the 
maxima in the smoothed spectra. 
Probability density analysis may be used to distinguish a 
deterministic signal masked by a random signal by conducting an 
analysis across the full range of frequencies encompassed by the 
signal. However, it is a much less efficient and sensitive 
technique than autospectral estimation, which was considered to 
be the appropriate approach for investigating the dynamical 
characteristics of tremor sites, and for this reason was not 
employed. Based on an appraisal of the likely contributors to 
tremor, raw data were assumed to comprise a summation of near-
stationary random fluctuations, with a normal amplitude 
distribution, and periodic signals derived, for example, from 
motor reflex oscillation or rhythmic motor unit recruitment. In 
this case, the ensemble averaging of derived spectra was carried 
out to provide reliable spectral estimates to aid identification 
of important tremor peaks. Where there are obvious departures 
from stationarity, as in the case of shivering tremor, it was 
assumed that the main source of nonstationarity was a fluctuation 
in signal variance (power), and that the frequency structure was 
essentially unchanged between conjoint records, in which case 
ensemble averaging is still a valid step in spectral analysis. 
2.3. Experimental Measurements 
2.3.1. Physiological Tremor of the Index Finger 
Subjects, comfortably clad with bared arms, were seated 
relaxed in a quiet room (air temperature=22°C), in an ｾｲｭ｣ｨ｡ｩｲ＠
with its arm rests adapted and adjusted to provide 
a flat surface upon which to rest each forearm 
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and lightly clenched fist, with the index finger held 
approximately horizontal and projecting beyond the end of 
the arm rest. A lightweight aluminium splint was taped to 
the lower surface of the finger to prevent 
interphalangeal movements. Finger tremor was detected by 
taping the accelerometer on top of the distal end of the 
index finger with its sensitive axis vertical, and emgs 
were measured as described in 2.2.1. Correct siting of 
the emg electrodes over the target superficial muscles of 
the hand and forearm was determined after electrode 
attachment by inspection of the emg signal responses 
displayed on an oscilloscope when the finger was 
voluntarily flexed and extended in a vertical plane. 
During recordings, each subject was asked to minimise 
voluntary bodily movements. Continuous recordings were 
made during successive 4min period during which the 
subject maintained the finger horizontal with minimum 
muscular effort, separated by 2min periods when the 
subject rested the finger and made any minor postural 
adjustments to maintain comfort. 
Experili!ent 1 
Four recording/rest measurement sequences were conducted 
on 6 subjects, during which emgs from forearm extensor 
digitorum and index lumbrical muscles were recorded as 
detailed in paragraph 2.2.3. In addition to the recording 
of finger tremor acceleration, an accelerometer was taped 
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to the dorsal ·surface of the hand just proximal to the 
metacarpophalangeal joints to detect and record any 
tremor of the resting hand. 
ｾｸｰ･＠ r Ｎｩ Ｎ ｭｾＮｮＮｴＭＭＭＮＲＮ＠
Simultaneous measurements were made of left and right 
index finger tremor of 7 subjects, together with emgs 
from the corresponding extensor digitorum muscles. As in 
Experiment 1, the subject recording schedule was 
comprised of four 4min periods of finger extension with 
2min rests between. 
Exger.iment 3 
Recordings were made of index finger tremor and extensor 
and lumbrical emg of 7 subjects when the finger was 
loaded with a range of masses. To accomplish this, the 
end of the finger was lightly taped to a pivoted balsa 
wood bar (effective lumped mass=2g) attached to the end 
of the arm rest (Figure 4) . Pairs of identical weights, 
in the range 0-100g, were attached to the ends of the bar 
so that the effective inertial mass of the finger could 
be varied without imposing any gravity induced force on 
the finger. The effect of this was to obviate the need 
for changes in muscular contraction required to maintain 
the posture of the finger, which would otherwise modify 
the muscle stiffness. Figure 5 shows a photograph of the 
arrangement for one of the subjects. The balance bar 
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shown was subsequently improved by pivoting it on two 
knife edges to reduce friction and to accommodate 
positional adjustments of the hand; this improved version 
was employed for all but the first two experiments. By 
attachment of the paired weights, masses of 0, 10, 20, 
40, 100, 140 and 200 grams were successively applied in 
random order. The maximum mass employed was approximately 
twenty times greater than the equivalent inertial mass of 
the finger, referred to the tip of the finger. For each 
mass, a 4min recording was made, accompanied by a 2min 
rest period during which the masses were changed. 
2. 3. 2. J?.hyf3iol_Qgical Tremor of the Hg,nd 
For this series of experiments the objective was to 
record whole hand tremor around the carpal joints. The 
subject's fingers were splinted together with a slab of 
foamed polyethylene attached by velcro straps, and the 
accelerometer was taped to the upper surface of the 
distal portion of the middle finger, again with its 
sensitive axis vertical. The subject rested his forearm 
on the arm rest and held the hand horizontal, with the 
carpus just clear of the end of the arm rest. Emg 
electrodes were attached to the skin over the muscles 
controlling movement of the hand, and routinely tested, 
as for finger tremor, by inspection of the raw emg during 
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voluntary flexion and extension of the hand. 
ExP-er ime_n:t.___1_ 
Hand tremor and both extensor and flexor emgs were 
measured in 5 subjects for a range of different augmented 
hand masses, using the technique described for Experiment 
3. Two sets of recording runs were made for each 
subject, during which masses of 0, 40, 100, 200 and 480 
grams were attached to the hand in random order. The 
maximum mass employed was limited to approximately five 
times the effective mass of the hand, referred to the 
finger tips, being constrained by the mechanical strength 
of the pivot assembly. Emgs were recorded from extensor 
carpi ulnaris and either flexor carpi radialis or flexor 
carpi ulnaris. 
ExP-e r ｾｉｄｾＮＮｄ｟ｴ｟Ｕ｟＠
Hand tremor and extensor emgs were recorded from a total 
of 6 subjects during the application of varying force 
loads on the hand. The experimental arrangement is shown 
in Figure 6. Subjects were seated in the modified chair 
on top of a laboratory bench so that the hand projecting 
beyond the arm rest was approximately 1.6m above the 
floor. A light elastic cord, whose stiffness (<9Nm-1 ) was 
negligibly small compared with that of the muscles, was 
attached at one end to the hand by a loop, 130-160mm 
distal to the carpus. The lower end of the vertical cord 
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AI 150m m /Polyethylene 
/ splint 
Light elastic cord 
(A,B,C - alternative 
attachment· points) 
Force gauge 
FIGURE 6 
Arrangement for force loading of the hand. 
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was attached to a force transducer unit {Electronic Force 
Gauge, Mecmesin Ltd) mounted on a clamp stand rigidly 
fixed to the floor. By a combination of selecting 
different unstretched lengths of cord and adjustment of 
the gauge height, steady forces could be applied to the 
hand with no attendant change in the mass of the hand and 
a negligible external contribution to the combined 
muscle/tendon/load stiffness. For 4 of the subjects, 6 
minute measurement/rest recording sequences were 
performed, at each of which forces of 0, 100, 200, 400, 
800 grams were applied in random order. The maximum load 
employed was chosen from pilot tests to be less than that 
which would result in subjective fatigue during the 
measurement phase. Recordings were also made for a period 
during which the subject made a voluntary contraction of 
the carpal muscles. The subject was requested to maintain 
his/her hand near the horizontal during the measurement 
phases, but to relax it during the rest and force 
adjustment time. Hand tremor and emg from extensor carpi 
ulnaris were simultaneously recorded. 
Further measurements were made to investigate the 
stability and time dependency of modal tremor 
frequencies. Two subjects undertook the same hand loading 
procedure as the first group, followed by 4min recordings 
under zero load at lhr intervals for 6hr {with normal 
worktime activity in the intervening periods). Random 
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loading sequences were also applied at 2hr intervals for 
up to 6hr in 2 subjects, while in a further 2 subjects, 
extended recordings lasting 54min were made of tremor and 
extensor emg, during which the hand was loaded with 600g 
force for 4min halfway through the recording/rest 
sequences, but was otherwise unloaded. 
Subjects were cooled by a variety of techniques to induce 
shivering, as shown in Table 1. The liquid conditioned 
suit in method C of Table 1 was a nylon coverall 
containing a network of tubing through which cooled water 
was pumped from a thermostatically controlled 
refrigeration unit. During the measurement phase, each 
subject sat in the modified armchair with his/her forearm 
strapped to the arm rest or clamped in an assembly 
mounted on the arm rest to minimise passive transmission 
of tremor from body to hand (Figures 7(a) & 7(b)). 
Accelerometers were mounted at various sites on the hands 
and upper arms, and emgs were recorded from a number of 
different extensor and flexor muscles in the forearm and 
upper arm (Table 2), their correct positioning again 
being confirmed prior to each run by extension or flexion 
of the appropriate limb to elicit contraction of the 
muscle. 
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FIGURE 7(b) 
Forearm c1amping arrangement during recording of hand 
shivering tremor. 
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A 
B 
ｾａ［ｂｌｅ＠ 1 
Methods of inducing shivering. 
Subject semi-nude, seated in climatic chamber, 
air temperature=8(lC, wind speed= lms-1• 
As in A, but air tcmperature=4°C 
1-----4---- - ---··----- -----·- - -----------1 
c 
D 
E 
Subject dressed in a liquid conditioned suit (excluding 
measurement sites) with water temperature=2°C, and 
seated in climatic chamber, air tempernture=2<tC. 
Nude subject precooled by immersion in a water bath 
at 29°C, then as in C. 
Nude subject precooled by immersion in a water bath 
at 29°C, then as in A. 
Subject skin temperatures (chest, lateral upper arm, 
medial thigh and lateral calf) and rectal temperature 
were monitored continuously on a hand-held display unit 
(RAF IAM) using thermistor probes (700 Series, Yellow 
Springs Instrument Corporation) . Accelerometer and emg 
electrode sites were changed on some occasions during the 
time shivering was occurring to allow recording of tremor 
acceleration and muscle activity from more than two sites 
during the same experiment, and signals were selectively 
displayed on an oscilloscope and processed on-line using 
the 1201 Analyser. 
An experiment was performed to determine whether 
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shivering could be induced by localised spinal cooling in 
an essentially thermoneutral subject. The subject, 
Subject treatments. 
SUBJECT COOLING METHOD TREMOR SITES EMG SITES 
J B l&r upper ann biceps, triceps 
2 B hand ext carp uln 
llex carp rad 
3a c htmd ext carp uln 
flex carp uln 
3b B I&r upper ann biceps, triceps 
4a E hand, l&r upper ann biceps, triceps 
ext carp uln 
4b D hand, upper ann ext carp uln 
flex carp uln 
5 D hand,upperann ext carp uln 
brachioradialis 
6 E l&r upper arm biceps, triceps 
dressed in shorts, lay prone on a medical couch in a room 
whose air temperature was maintained at 25°C. Rectal 
temperature and skin temperatures of the chest, arm, 
thigh and spine were monitored as described in 2.3.3., 
and an accelerometer was taped to the deltoid muscle to 
detect any shivering tremor motion. A tubular polythene 
bag, of width lOcm and packed with crushed ice, was 
applied to the spinal region Cl-T12, and a skin 
temperature sensor was placed beneath. Monitoring and 
recording was continued for about lhr. 
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CHAPTER 3 RESULTS 
3.1. Physiological Tremor of the Index Finger 
3.1.1. Experiment 1 
Tables 3-5 show the powers and frequencies of 
identifiable peaks in the spectra of extensor emg, finger 
acceleration and hand acceleration, respectively. In the 
tables, peaks are labelled as N (narrow), M (medium) and 
B (broad), according to whether their peak-to-trough 3db 
bandwidths are less than 2Hz, 5Hz or 10Hz, respectively. 
For some subjects data are absent because peaks were not 
identified, or signal levels were too low to be resolved, 
as was the case for hand tremor (Table 5) . Lumbrical emg 
data are not presented because in most cases the power in 
these spectra was very small and only evident near zero 
frequency, suggestive of infrequent, low level emg 
activity. Figure 8 shows finger and hand tremor spectra 
for subject CK, these being typical of those derived from 
most of the subjects. Figure 9 shows spectra of finger 
tremor and emg activity for subject we, who consistently 
demonstrated relatively narrow, coincident peaks around 
10Hz in both tremor and emg spectra. This contrasts with 
all of the other subjects, for whom extensor emg spectra 
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appear to be unrelated to their corresponding 
acceleration spectra. In all of the subjects where hand 
tremor was detectable these spectra were similar to the 
corresponding finger tremor spectra and showed 
coincident, coherent peaks in the range 0-30Hz, but hand 
tremor was of smaller amplitude, suggesting passive 
transmission from finger to hand. This conclusion was 
further supported by spectral analysis of recordings made 
when the finger was at rest, which showed that the peaks 
were simultaneously abolished. The majority of the 
subjects produced finger tremor spectra with 2 clearly 
identifiable peaks (Figure 10), while subject MP showed 
evidence of a third peak in some runs. 
3.1.2. Experiment 2 
Estimation of the power and frequency of significant 
peaks in the spectra derived from the measurements of 
left and right hand index finger tremor and extensor emg 
activity was made using the averaging and smoothing 
technique described earlier. The subject data are 
presented in Tables 6-9, together with the 'peakiness' 
descriptors. For runs where data are omitted it was not 
possible to determine reliably any significant peaks in 
the spectrum. Analysis of variance and significance tests 
were performed on the frequency data to test for evidence 
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TABLE 3 
Experiment 1: Dominant peaks in finger extensor 
emg activity spectra. 
sUB mer PEAK FREQUENCIES POWER WIDTH 
(Hz) (Vz) N=narrow,M=medium, 
r, P, B=broad 
PR 17.4 2.2JE-5 B 
20.2 2.83E-5 M 
16.6 2.25E-5 B 
17.6 3.34B-5 M 
20.6 2.65E-5 B 
20.4 3.60E-5 M 
18.0 4.68E-5 M 
19.4 3.49E-5 B 
MP 12.6 4.34B-6 B 
14.2 5.83E-6 M 
12.0 6.37E-6 B 
14.4 4.79E-6 B 
CK 11.0 6.57E-5 B 
18.6 7.96E-5 B 
17.4 7.5lE-5 B 
9.8 9.20E-5 N 
JC 13.8 8.06E-6 B 
14.6 l.SOE-5 B 
15.6 2.48E-5 M 
15.4 2.26E-5 M 
PS 15.0 3.88E-5 B 
16.0 3.41E-5 B 
13.0 3.89E-5 B 
15.8 4.10E-5 B 
we 9.8 2.00E-5 N 
10.0 1.74E-5 N 
10.4 7.34E-6 M 
10.4 7.86E-6 N 
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TABLE 4 
Experiment 1: Dominant peaks in finger acceleration 
spectra. 
SUBJECT PEAK FREQUENCIES POWER WIDTH 
(Hz) (g2) N=narrow,M=medium, 
ft f2 f3 pt p2 p3 B=broad 
PR 34.0 7.19E-7 B 
30.4 l.07E-6 M 
26.2 7.97E-7 M 
29.0 8.52E-7 B 
36.0 1.29E-6 B 
30.1 4.54E-6 M 
24.8 2.47B-6 B 
27.6 3.93E-6 B 
MP 17.6 33.8 1.17E-6 5.89E-7 BB 
9.8 16.2 33.8 1.03E-6 9.50E-7 4.44E-7 MMB 
10.4 14.2 29.8 2.16E-6 l.71E-6 8.18E-7 l\1MB 
10.0 15.2 37.2 1.74B-6 1.26E-6 7.92E-7 MBB 
CK 8.8 14.4 1.03E..:s 7.00E-7 · MB 
11.2 18.2 2.14E-6 3.10E-6 MM 
I 1.0 17.6 2.17E-6 3.00E-6 BM 
10.0 17.4 1.01E-5 8.00E-6 MB 
JC 9.2 36.2 2.05E-6 I. 70E-6 MB 
8.8 40.4 2.42E-6 2.37E-6 MB 
9.6 36.6 2.67E-6 l.91E-6 MB 
9.2 30.0 3.49E-6 4.06E-6 MB 
PS 10.2 26.6 8.90E-7 l.SlE-6 BB 
10.2 26.2 6.63E-7 9.94E-7 BB 
9.2 20.2 1.44E-6 1.35E-6 MB 
10.2 22.4 l.68E-6 1.94E-6 MM 
we 9.8 20.4 l.l8E-5 9.97E-6 NB 
10.0 23.2 2.29E-5 2.07E-5 NB 
10.0 21.0 2.05E-5 1.98E-5 NB 
10.0 24.4 2.39E-5 2.09E-5 NB 
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TABLE 5 
Experiment 1: Dominant peaks in hand acceleration 
spectra. 
-
SUBJECf PEAK FREQUENCIES POWER WIDTH 
(Hz) (g2) N=narrow,M=medium, 
fl f2 PI p2 B=broad 
MP 10.0 18.4 2.58E-8 6.59E-8 MM 
11.6 16.6 6.69E-8 l.08E-7 MM 
10.4 21.2 4.43E-8 8.57E-8 MM 
CK 19.2 2.37E-7 MM 
Jl.2 19.0 l.03E-! 2.67E-7 MM 
10.4 19.2 3.78E-7 5.37E-7 MM 
PS 21.2 26.8 7.19E-8 7.47E-8 MM 
we 10.0 25.2 9.86E-8 l.71B-7 MB 
10.4 21.4 1.21E-7 2.48E-7 BB 
10.2 25.0 6.88E-8 1.07E-7 BB 
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Experiment 1: Finger tremor - spectra1 
variants from 3 subjects (the lowest graph 
shows the effect of postural adjustments of 
limb) . 
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100 
100 
of any overall differences between the left and right 
hand index fingers in each of 3 frequency groupings, f 1 -
f3. The groupings were selected for each subject on the 
basis of the following criteria: 
(i) For subjects with runs exhibiting 3 simultaneous 
peaks, a peak was assigned according to closest proximity 
to the mean frequencies of the 3 peaks, taken in 
ascending order of frequency. 
(ii) For subjects with runs showing only 1 or 2 spectral 
peaks, a peak was assigned according to nearest proximity 
to one of the means of the frequency groupings in (i) . 
Details of the statistical analysis are presented in 
Annex B. 
There was a significant run times hand interaction in the 
lowest frequency band (f1 ) of the acceleration spectra; 
no significant differences could be found between left 
and right hand meaned subject peak frequencies at 
different run levels. This was also true for bands f 2 and 
f 3 of the acceleration spectra, and bands f 1 and f 2 of the 
emg activity spectra. On a subject-by-subject basis, in 
the lowest frequency band, left and right hand peak 
frequencies were only significantly different for the 
acceleration spectra of three of the subjects. 
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Coherence analyses (paragraph 2.2.5.) were conducted to 
determine evidence of sources of tremor common to left 
and right hand index finger acceleration, and the degree 
of association between the left extensor emg activity and 
left finger tremor. Inspection of the coherence plots of 
left/right finger acceleration derived from the subjects 
showed that although many of the subjects exhibited 
similar autospectra waveforms for both fingers (Figure 
11), in all cases the coherence was not significantly 
different from zero. Furthermore, there was no evidence 
of the existence of coherence peaks coincident with those 
identified in the tremor autospectra. This result is 
consistent with the behaviour of two similar, but 
independent processes. 
A clear association between left finger acceleration and 
extensor emg activity was demonstrated in some of the 
runs of two of the subjects (MP and PS), shown in the 
coherence plots of Figures 12-14. Subject PS gave a 
predominant peak near 10Hz in all of the runs {with 50 
ensemble averages employed, the 95% confidence limits for 
coherence=O.S are 0.4 to 0.7), while the plots from both 
runs of subject MP contained 3 peaks, 
of the subjects' autospectra. 
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as found in some 
TABLE 6 
Experiment 2: Dominant peaks in left finger 
acceleration spectra. 
sua mer PEAK FREQUENCIES POWER WIDTH 
(Hz) (g2) N=narrow,M=medium, 
fl f2 f3 p1 p2 p3 B=broad 
MP 17.0 31.6 ＴＮＳＷｅｾＶ＠ 5.53E-7 MB 
9.8 15.2 29.6 1.67E-6 ＴＮＳＸｅｾＶ＠ 1.4lE-6 BMB 
8.4 15.4 31.2 2.70E-6 3.89E-6 1.58E-6 BMB 
8.6 16.4 35.4 3.34&6 1.69&6 1.27E-6 MMB 
JC 8.4 19.6 1.31 ｅｾＶ＠ 1.25E-6 BB 
7.6 21.2 ＲＮＵＸｅｾＶ＠ 1.88E-6 MB 
7.0 21.2 4.95E-6 2.18E-6 :MB 
7.4 18.6 5.37E-6 3.17E-6 :MB 
we 9.0 20.1 6.13E-6 4.02E-6 MB 
8.1 18.5 l.03E-5 5.1 OE-6 NB 
8.1 23.0 4.51E-6 4.72E-6 MB 
8.5 21.5 3.67E-6 3.25&6 MB 
PR 8.8 1.98E-6 M 
9.4 33.4 4.49E-6 5.81E-6 MM 
9.4 19.0 7.78E-6 4.92E-6 NM 
RS 8.4 23.0 1.25E-5 8.60E-6 NB 
8.8 27.2 1.93E-5 7.27E-6 · NB 
7.8 26.2 1.20E-5 ＷＮＵＹｅｾＶ＠ NB 
8.0 22.0 6.23E-6 6.51E-6 :M:M 
PS 8.8 26.2 7.54E-7 8.93E-7 MB 
8.6 27.4 8.12E-7 8.96E-7 MB 
8.4 28.6 7.SIE-7 8.65E-7 BB 
8.4 28.6 2.73E-6 1.63E-7 NB 
CK 9.2 18.0 S.SOE-7 1.49E-6 BB 
9.6 20.6 6.89& 7 2.44E-6 BM 
10.0 20.2 4.67E-7 l.99E-6 BM 
20.6 1.04E-6 M 
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TABLE 7 
Experiment 2: Dominant peaks in right finger 
acceleration spectra. 
SUBJECf PEAK FREQUENCIES POWER WIDTH 
(Hz) (g2) N=narrow,M=medium, 
ft f2 f3 Pt p2 p3 B=broad 
MP 14.4 32.0 1.30E-6 4.65E-7 BB 
8.4 13.2 29.8 3.17E-6 1.97E-6 1.01E-6 MMB 
9.8 14.8 34.0 1.59E-6 l. 1 9E-6 9.05E-7 BBB 
8.8 16.4 31.0 l.91E-6 2.17E-6 6.29E-7 MMB 
JC 9.0 19.0 33.4 2.24E-6 1.42E-6 2.29E-6 MBB 
8.6 30.6 2.26E-6 2.46E-6 MB 
9.0 22.8 37.0 3.92E-6 2.84E-6 3.74E-6 MBB 
9.6 20.4 5.96E-6 3.57E-6 NB 
we 9.0 18.5 7.21E-6 4.37E-6 MB 
8.0 23.0 3.82E-6 3.79E-6 MB 
8.5 23.0 4.65E-6 5.32E-6 MM 
8.5 20.0 7.02E-6 6.43E-6 NM 
PR 7.0 20.2 l.08E-6 1.25E-6 BB 
7.2 19.2 4.73E-6 3.07E-6 MB 
6.6 21.0 5.07E-6 4.18E-6 MB 
7.0 16.8 l.llE-6 2.71E-6 BM 
RS 8.0 14.8 23.0 1.21E-4 6.37E-5 3.79E-5 NNB 
8.8 21.8 3.82E-5 1.99E-5 NB 
8.8 26.6 4.69E-5 3.06E-5 NB 
9.0 18.0 4.36E-5 1.93E-5 NB 
PS 9.4 27.6 9.19E-7 1.03E-6 MB 
9.8 31.2 1.59E-6 1.62E-6 MB 
9.6 38.0 1.71E-6 1.98E-6 MB 
9.6 39.2 2.99E-6 4.50E-6 MB 
CK 11.4 22.4 1.81E-6 5.26E-6 BM 
10.2 23.2 1.47E-6 6.38E-6 BM 
12.4 24.0 9.88E-7 3.95E-6 BM 
10.4 24.4 l.58E-6 4.73E-6 BM 
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TABLE 8 
Experiment 2: Dominant peaks in left finger extensor 
emg activity spectra. 
SUBrncr PEAK FREQUENCIES POWER WIDTH 
(Hz) (V2) N=narrow,M=medium, 
r, £2 f3 P, Pz p3 B=broad 
MP 8.0 17.2 1.12E-6 2.28E-6 BM 
7.2 17.0 8.38E-7 1.75E-6 BM 
8.0 17.4 1.06E-6 2.01E-6 BM 
7.6 18.6 1.32E-6 2.34E-6 -BM 
JC 16.6 4.07E-7 B 
14.2 5.34E-8 M 
we 9.0 l.SlE-5 M 
PR 22.0 5.36E-5 M 
10.2 19.8 4.73E-5 5.20B-5 BM 
RS 10.2 20.4 5.95E-5 2.98E-5 NB 
9.0 2.55E-5 N 
9.0 16.6 5.66E-6 8.25E-6 BM 
9.4 6.19E-6 M 
PS 7.4 19.0 4.67E-5 4.98E-5 MB 
7.2 19.6 4.32E-5 5.29E-5 BB 
7.4 20.2 4.83E-5 4.37E-5 BB 
8.6 21.4 4.84E-5 4.52E-5 BB 
CK 11.6 18.2 6.65E-5 6. 77E-5 MM 
12.2 20.4 4.18E-5 5.98E-5 MM 
-----------
.. ... Ｍｾ＠ ......... .__.,.. 
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TABLE 9 
Experiment 2: Dominant peaks in right finger extensor 
emg activity spectra. 
SUBJECf PEAK FREQUENCIES POWER WIDTH 
(Hz) (V2) N=narrow,M=medium, 
fl f2 f3 PI p2 p3 B=broad 
MP 13.8 3.11E-5 M 
13.8 1.25E-5 M 
16.0 3.51E-5 B 
16.6 3.86E-5 B 
JC 18.2 1.85E-5 M 
18.2 2.24E-5 M 
18.2 3.51E-5 M 
we 9.2 5.50E-5 N 
9.0 4.03E-5 N 
8.5 3.91B-5 N 
9.0 2.11E-5 N 
PR 8.4 18.8 3.31B-5 3.76B-5 BB 
24.0 3.32E-5 B 
10.2 22.2 3.34E-5 3.09E-5 BB 
19.2 5.37E-5 M 
RS 9.0 21.2 4.02E-5 2.42E-5 MB 
9.2 3.44E-5 N 
9.2 2.26E-5 N 
9.2 7.03E-5 N 
PS 8.6 17.2 2.87E-5 2.65E-5 BB 
7.2 18.4 3.19E-5 2.92B-5 M:M 
16.8 3.26E-5 M 
CK 15.6 7.83E-5 B 
15.6 5.89E-5 B 
16.8 6.31E-5 B 
15.6 6.35E-5 M 
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Experiment 2: ｅｸ｡ｭｰｾ･ｳ＠ of ｳｩｭｩｾ｡ｲ＠ spectra from 
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Experiment 2: Coherence between ieft finger tremor 
and extensor emg for subject MP (runs 1 & 4) . 
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Experiment 2: Coherence between 1eft finger tremor 
and extensor emg for subject PS (runs 1 & 2) . 
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Experiment 2: Coherence between left finger tremor 
and extensor emg for subject PS (runs 3 & 4) . 
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3.1.3. Experiment 3 
Estimation of the peak maxima in the autospectra of 
tremor data from the loaded finger was made in this case 
by using the graphical display cursor facility of the 
spectrum analyser on the ensemble average plots derived 
from each run. Coherence analysis of finger tremor and 
corresponding extensor and lumbrical emg activity was 
also conducted. Table 10 shows the effect of the 
variation of randomly-ordered mass loading on the mode 
frequency of the lowest frequency peak in each of the 
acceleration and extensor emg spectra. In the Table, data 
are presented in ascending order of attached mass and, as 
before, data are omitted where reliable estimates could 
not be made. Peak widths are also indicated, together 
with any clearly identified coherence maxima (C) at the 
emg peak frequencies. Peaks were observed at higher 
frequencies, as in experiment 2, for some of the subjects 
with a lightly loaded finger. However, these tended to 
become relatively small with heavier attached loads. 
There was no observed systematic change in peak power in 
this low frequency band, but a reduction in bandwidth at 
higher loading levels was evident. It was not possible to 
demonstrate a significant effect of load on low band .peak 
frequency, taken across all of the subjects. Individual 
subject responses are, however, more revealing. Subjects 
MP, WC and KS show a clear reduction in acceleration peak 
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frequency with increasing load, accompanied by a higher 
frequency, relatively invariant emg response. Unsmoothed 
spectra from subject we for masses of 0, 40, 100 and 200g 
are shown in Figure 15. Figure 16 shows the plots for a 
mass of 200g only, with a smaller, coherent acceleration 
peak near 10Hz and coincident with the emg peak, 
accompanying the 4.6Hz component. In contrast, responses 
from subject RS (Figure 17) have peak components whose 
power increases with load but whose frequency is 
substantially unchanged. Figure 18 displays smoothed 
spectra from subject PH, 
coherent peak at 15-20Hz 
who exhibited a secondary, 
(frequency decreasing with 
applied load) which coalesced with the low frequency peak 
at the highest load level. 
Inspection of the lumbrical emg spectra showed that there 
was a general increase in power level with applied load, 
and small peaks were identified in some subjects 
coincident with finger tremor frequency, although in many 
cases they were absent, even when high levels of extensor 
emg coherence occurred. 
102 
TABLE 10 
Experiment 3: Lowest frequency dominant peaks 
of finger acceleration and extensor emg activity, 
and associated coherence. 
SUBJECf LOAD PEAK FREQUENCIES WIDTH COHERENCE 
(grams) (Hz) N=narrow 
M=med 
ACCEL EMG B=broad 
MP 0 9.8 14.0 BB 
10 10.1 14.5 BB 
20 9.5 14.5 BB 
40 10.0 15.0 BB 
100 8.5 13.0 NB 
140 7.0 14.0 M:M: 
we 0 9.2 9.2 .NN c 
10 9.2 9.2 NN c 
20 9.6 9.6 NN c 
40 8.7 8.7 MM c 
100 7.2 9.4 MN c 
140 6.0 9.6 NN c 
200 4.6 9.6 NN c 
PR 0 13.5 14.0 BB 
20 7.0 7.0 MB 
40 6.5 17.5 MB 
100 15.0 N 
140 11.5 M 
200 9.5 21.0 NB 
RS 0 8.4 8.4 NN c 
10 8.2 8.2 NN c 
20 8.4 8.4 NN c 
40 8.6 8.6 NN c 
100 8.5 M 
140 8.2 8.5 NN c 
200 8.0 8.0 NM c 
CK 0 10.2 15.4 BB 
10 10.0 16.4 BB 
20 9.6 16.2 MB 
40 9.4 16.0 MB 
100 5.8 15.4 BB 
140 9.8 17.6 MB 
200 10.0 14.2 NM 
PH 0 7.5 7.5 MM c 
10 8.8 8.8 MB c 
20 8.8 8.8 BB c 
100 9.4 9.4 NM c 
140 8.8 M c 
200 11.2 N 
KS 10 8.4 22.2 MB 
100 5.0 13.2 MM 
140 4.6 11.2 NB 
200 6.6 M 
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Experiment 3: Effect of added mass on spectra1 peaks 
of subject we. 
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Experiment 3: Spectral peaks of subject WC with 200g 
added mass. 
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Experiment 3: Effect of added mass on spectra1 peaks of 
subject RS. 
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Experiment 3: Multiple peaks in spectra of subject PH. 
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3.2. Physiological Tremor of the Hand 
3.2.1. Experiment 4 
Analysis of hand tremor from 5 subjects, using the same 
technique as that employed for experiment 3, showed that, 
unlike those of the finger, the resultant acceleration 
spectra generally exhibited only one well defined low 
frequency peak, which was consistently modified by the 
applied masses. Table 11 presents the mode acceleration 
and extensor emg frequencies at different attached 
masses, for both sets of runs from each subject (although 
shown in ascending order, masses were again applied in 
random order) . Figure 19 shows the average for all 
subjects of the mode acceleration power against applied 
masses, as a fraction of that at zero applied mass. Three 
of the subjects (MP, RS and BS) produced consistent 
peaks at 9-10Hz in the emg spectra from extensor carpi 
ulnaris recordings, which were largely unaffected by 
changes in mass. Coherence of extensor emg and 
acceleration was observed in all of the runs of subject 
BS and in one run of subject WC (at 8.2Hz). Flexor emg 
recordings were of relatively low amplitude for all 
subjects. Significant flexor emg spectral peaks occurred 
in some of the recordings of subjects MP, we, RS and BS, 
which were only coincident and coherent with extensor 
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TABLE 11 
Experiment 4: Lowest frequency dominant peaks 
of hand acceleration and extensor emg activity. 
SUBJECf 
MP 
we 
PR 
RS 
BS 
MASS 
(grams) 
0 
40 
100 
200 
480 
0 
40 
100 
200 
480 
0 
40 
100 
200 
480 
0 
40 
100 
200 
480 
0 
40 
100 
200 
480 
PEAK FREQUENCIES (Hz) 
ACCEL EMG 
RUNl RUN2 RUN1 RUN2 
5.8 
6.0 
5.4 
4.5 
3.2 
6.0 
6.3 
5.2 
4.6 
3.2 
6.6 
6.4 
5.0 
4.6 
3.0 
6.8 
6.2 
5.0 
4.6 
3.6 
9.2 
7.4 
5.6 
4.8 
3.4 
7.6 
7.2 
5.7 
4.8 
4.4 
8.2 
7.0 
6.4 
4.9 
3.7 
6.4 
5.6 
5.0 
3.8 
3.0 
7.6 
6.5 
6.0 
4.8 
3.4 
9.2 
6.9 
6.7 
5.2 
3.9 
9.2 
7.0 
9.0 
9.2 
8.8 
9.0 
9.6 
9.4 
9.0 
9.4 
9.4 8.2 
13.2 
12.2 
16.6 13.2 
14.6 13.2 
15.2 10.8 
15.0 14.2 
8.8 11.8 
9.6 9.4 
9.2 . 9.2 
10.4 10.6 
9.6 
9.6 
9.2 
9.4 
9.6 
9.8 
9.6 
10.0 
9.2 
9.2 
10.0 
10.0 
10.0 
10.0 
Ｇ ＭＭＭｾｾＭＭＭＭＭＭＭＭ -------------
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mode frequencies in the Run 2 set of subject RS, and at 
the 200g mass recording of the Run 2 set of subject we 
(12. 4Hz) . 
An example of the spectra, derived from the Run 2 set of 
subject BS, is shown in Figure 20, which demonstrates the 
reduction in acceleration mode frequency with added mass, 
accompanied by relatively frequency-invariant emg 
spectral peaks coincident with the zero added mass 
acceleration peak. 
Figure 21 shows an individual plot for the 480g mass 
recording of this subject which reveals an additional 
small peak in the acceleration spectrum at 10 Hz, 
coincident and coherent (0.4) with that observed in the 
emg analysis. There is also the barest suggestion of 
minor peaks in the emg spectrum, both at the lower mode 
frequency in the acceleration spectrum and also 
coincident with a small peak in the region of 16-18Hz, 
although no significant coherence occurs at these points. 
Statistical analysis was carried out on the mass-
dependent acceleration mode frequencies for the 5 
subjects. Analysis was based on an assumption that the 
responses represent the behaviour of a second order 
system (see paragraph 1.6.1.) whose resonant frequency, 
f, is given by 
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f = A 
(M + m) 112 
where (i) A = a constant for a steady muscle tone and 
geometry, (ii) M = the effective mass of the hand 
referred to the added mass attachment point5 and (iii) m = 
the added mass. A nonlinear least squares technique was 
used to fit curves of the above form to the data. Table 
12 summarises the associated values of A and M, both for 
individual subject run sets and based on the pooled data 
from both sets, together with estimates for 3 of the 
subjects of effective hand mass (Me) from measurement of 
its dimensions and water displacement volume and assuming 
a specific gravity of 1.25. Actual subject hand densities 
will depend on the relative soft tissue/bone composition 
and may range from 1.1 to 1.4, so the effective mass 
values quoted have at least a +-12% uncertainty. Figures 
22(a) and 22(b) show the best fits to the pooled data 
from each of the subjects. 
3.2.2. Experiment 5 
Tremor data from the force loaded hand of the test 
subjects were spectrally analysed to investigate load 
mediated changes and temporal variation in dominant 
frequency and power of both acceleration and extensor 
emg. Spectra derived from the loaded hand were found to 
exhibit characteristically narrow, well defined peaks, 
5. See Annex C. note 3. 111 
which allowed reliable estimation of the mode frequencies 
SUBJECT RUN SET A A(pooled) M(g) M(pooled) (g) Me (g) 
MP 1 93.0 228.5 
2 87.7 89.6 126.6 167.0 
we 1 85.5 180.2 
2 91.4 88.3 124.2 147.5 177 
PR 1 81.0 141.6 
2 72.6 76.8 127.5 134.8 155 
RS 1 87.3 166.6 
2 87.7 87.2 133.5 147.5 
BS 1 76.8 69.9 
2 90.9 83.2 104.0 84.5 69 
Table 12. Experiment 4: Parameters of fitted curves 
relating tremor peak frequencies to added 
mass. 
without additional smoothing of the ensemble-averaged 
spectral density estimates. 
To determine whether the tremor acceleration peaks could 
result from the resonant behaviour of a passive mass-
spring system, least-squares fitting was undertaken as 
for Experiment 4, except that the functional form of the 
regression used was 
f = A (F + B) 112 
112 
--- -------------- -------·- -· .. 
NORMALISED 
POWER 
9.B 
0.6 
0.4 
e.2 
100 200 300 400 
ADDED MASS (g) 
i':tGtmE 19 
ｂｾｰ･ｲｩｭ･ｮｴ＠ 4: Mean peak power of hand acce1eration 
normalised to zero added mass va1ue. 
11 3 
500 
ｈｾｊＡｄ＠ AC'CELERATIOH ( g 2) 
5 
4 
3 
2 
5 10 15 29 25 
FREQUEHCT' (Hz) 
EXTENSOR E!'!6 ( V2 ) 
<X lE-5) 
15 ｾｾＭｾｾｾｾｾｾｾｾｾｾｾｾｾｾｾＮＬｾＭＭｾＭＭＭＮＭＬｾｾｾＭＮｾＭ
12 r-
-
9 ｾ＠
-
ｾｾＭＭｾ｜ＮＭﾷﾷ｜＠ ｾ＠ｾ＠ ｾ＠ ｾ＠ --IM • •• ｾｾﾷｾ｜Ｏ ｾＭ ..... ｾ＠ ·' ' Ｇ ｬｩｾ＠ (. 3 ｾ＠6 t- ｾＧ｜ｌＮ｟＠ ｾｾｷＮｾＭ Ｍ ｊ［［ｬｴｩｴＧ＠ ﾷＢ｜ｷＺＮｾｾｾｾＺｴｾｾＩｾｾ＿ｳＮｾＭｾﾷ］ｾﾷＨｓＢ［ＺＬ｟ｾＭＭ _ 
L Ｌｊｆｾｾｾ＠ .:.:1 "• •y.f ｾ＠ •• •.•" t • ｾＮＮ＠ ｾｾｾＭｾｾ＠ -
r }¥-""'.·· - -. . ..._..!" ..._.. ·--c,_=-"" 
ｯｾＮｾ＠ . -
5 10 15 20 25 
FREQLIEtlCY <Hz) 
FIGURE 20 
Experiment 4: Effect of added mass on spectral peaks 
of hand acceleration and extensor emg of subject BS. 
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Experiment 4: Individual plot of spectra at 480g added 
mass from subject BS. 
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where (i) f = frequency, (ii) A = a constant for fixed 
hand mass and geometry (and assumes a proportionality 
between muscle tone and stiffness), (iii) F =externally 
applied force, and (iv) B = gravitational force on the 
hand referred to the point of application of ｆｾ＠ Table 13 
lists the predicted values of A and B of the fits to the 
SUBJECT RUN SET A B 
MP 1 0.18 1512 
we 1 0.17 2057 
PR 1 0.17 1451 
2 0.21 1140 
3 0.19 1673 
4 0.15 3478 
5 0.22 1214 
6 0.19 1931 
RS 1 0.15 2874 
BS 1 0.17 2724 
AB 1 0.20 1686 
2 0.20 1472 
3 0.25 925 
4 0.24 1115 
Table 13. Best fit parameters for hand acceleration 
mode frequency versus applied external 
force. 
mode frequency estimates at different applied external 
forces for the subjects tested. Figure 23 shows typical 
fitted curves from 4 of the subjects. Figure 24 is a 
graph, derived from the acceleration spectra, of the 
ratio of the subject-mean modal power to that at zero 
external force, plotted against applied load, while 
6. See Annex C, note 4. 
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Figures 25(a) and 25(b) show a sample spectral analysis 
of the data from one subject. This demonstrates clearly 
the increase in mode frequency and power under increased 
external load, and the close, coherent association 
between emg and acceleration which was highly typical of 
all of the subject analyses. 
Inspection of the values of B in Table 13 suggests that 
the simple passive model proposed is an unlikely 
candidate for explaining the changes of mode frequency 
with applied force, since B, which is the predicted 
negative intercept at zero frequency, is many times too 
high compared with the effective force generated by the 
weight of the unsupported hand (this is explored further 
in DISCUSSION OF RESULTS) . 
Analysis of subjects' unloaded hand tremor recorded over 
extended periods of time revealed that significant 
changes in dominant peak frequency occurred, comparable 
in magnitude with those associated with changes of 
external loading. Figure 26(a) shows the spectral 
estimates of mode frequency of tremor of 2 subjects 
recorded at 1hr intervals over periods of 6hr, where 
changes greater than 2Hz were observed. 
Continuous recording over 54min (Figure 26(b)) showed 
that a smaller degree of frequency variation occurred in 
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2 other subjects. The imposition of an external force of 
600g for 4min halfway through these recordings caused a 
transient increase in dominant frequency in both 
subjects, but there was no evidence of any systematic 
shift in the mean unloaded frequency after application of 
the load. 
The results of the repeated random loading routines for 2 
subjects are shown in Figure 27. This shows that there 
was a repeatable overall increase in dominant frequency 
of tremor with applied load and that there was a 
reduction in variance of the estimated ｦｲ･ｱｵ･ｮ｣ｩｾｳ＠ at 
higher loads. 
3.3. Shivering Tremor 
Two pilot experiments were conducted during which 
shivering was evoked in volunteer subjects (nude, in air 
at 8°C) so that a preliminary appraisal could be made of 
the validity of the measurements made under the 
comparatively severe conditions of the proposed 
experiments. Visual observation of subject behaviour and 
measured accelerometer and emg signals led to early 
modifications to the proposed methods. These included 
additional attention to clamping of the forearm in order 
to minimise passive transmission to the hand of shivering 
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· FIGURE 23 
Experiment 5: Least-squares fits to hand acceleration 
mode frequency versus external force for 4 subjects. 
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Experiment 5: Variation of the mean peak power 
of hand acceleration with applied force, as a 
ratio of the value at zero applied force. 
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Experiment 5: Effect of externa1 force on spectra1 
peaks of hand acce1eration and extensor emg of 
subject BS. 
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FIGURE 25(b) 
Experiment 5: Effect of external force on spectral 
peaks of hand acce1eration and extensor emg of 
subject BS - logarithmic p1ots. 
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FIGURE 26 
Experiment 5: Variation with time of the dominant 
frequency of tremor of the unloaded hand of two 
subjects (a) at lhr intervals for 6hr, (b) over 
54min with mid-period recording at 600g external 
force. 
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Experiment 5: Dominant hand tremor of 2 subjects for 
a range of external forces applied at successive 2hr 
intervals. 
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tremor of the torso and upper arm, and careful fixation 
of emg lead-in cables to avoid spurious modulation of the 
signals at tremor frequencies resulting from motion of 
the wires and electrodes during bouts of whole body 
shivering tremor. Despite the latter precaution, study of 
emg signals recorded during these pilot runs showed that 
significant signal contamination could occur at the 
tremor frequency during heavy shivering due to 
unavoidable electrode and cable motion. To overcome this, 
raw emg signals recorded from subsequent experiments were 
passed through 3rd order high-pass filters with low 
frequency cutoff frequencies of 100Hz (Dual Variable 
Filter, Type VBF/3, Kemo Ltd) before connection to the 
rectifiers and spectral analyser. This effectively 
eliminated the low frequency artifact, while still 
admitting passage of the low frequency muscle activity 
information carried by the envelope and frequency 
modulation of the emg spikes, most of whose energy was 
within the pass band of the filters. 
It also became clear that, compared with normal postural 
tremor behaviour, shivering was frequently manifest as 
bouts of activity interspersed with periods of relative 
inactivity. Furthermore, within a given bout, shivering 
was characteristically episodic in terms of amplitude, 
resulting in highly non-stationary tremor and muscle 
activity signals, and it was evident that care would be 
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needed in the interpretation of the frequency analyses of 
these signals. 
The various methods of evoking shivering, described in 
2.3.3., reflected attempts to induce a more uniform 
shivering response in the subjects so that more reliable 
estimates of spectral components could be made. As will 
become evident, these attempts were met with only limited 
success. 
3.3.1. Development of Shivering 
Figures 28 to 30 summarise the time histories of the body 
temperatures and shivering responses in the 6 subjects, 3 
of whom performed two experiments (temperatures were not 
recorded for the first run of subject 1). These show 
rectal temperatures (Tre) and mean skin temperature 
(Tsk), the latter being derived from the 4 measurement 
sites according to 
where subscripts 1 to 4 correspond, respectively, to the 
forearm, chest, inner thigh and lateral calf sites 
(Ramanathan, 1964) . 
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All of the subjects exhibited a falling skin temperature 
in the region of 23 to 28°C corresponding to the start of 
overt shivering. Most subjects showed a degree of 
stabilisation of skin temperature, and some exhibited a 
later rise which may be attributable to the increased 
metabolism associated with shivering muscles. During 
shivering, subjects' rectal temperatures either declined 
at varying rates, or showed rising and falling phases. 
None of the subjects reached core temperatures associated 
with hypothermia before voluntarily terminating the 
experiments. 
3.3.2. Hand Tremor and Carpal Muscle Activity 
Recordings were made from two subjects (2, 3a), during 
the periods when shivering was observed, of hand tremor 
acceleration, using the same accelerometer mounting 
technique as that employed for physiological hand tremor 
detection, and simultaneous emgs from the extensor carpi 
ulnaris, and flexor carpi radialis (subject 2) or flexor 
carpi ulnaris (subject 3a) . Sequences of measurement runs 
were made for 8 minute periods with the hand extended, 
interrupted by 2 minute periods when the hand was allowed 
to rest. Table 14 shows details of the spectral analysis 
of shivering data runs from the two subjects. 
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Hand tremor frequencies were in a range similar to that 
of physiological tremor in the outstretched, unloaded 
hand. 
For subject 2, there was little consistent evidence of 
association between averaged acceleration spectra and 
accompanying emg spectra, since peak frequencies varied 
widely, and coherence analysis revealed only one 
significant peak from run 1 (coherence=O.S at 8.4Hz), 
relating extensor emg to hand acceleration. Figures 31 
and 32 show the spectra derived from the data of runs 1 
and 3 of this subject. 
In the case of subject 3a, although low valued, broad 
peaks were found in some of the acceleration/flexor and 
extensor/flexor coherence analyses in the region of 7-
10Hz, dominant frequencies of acceleration, flexor and 
extensor spectra were often different, as exemplified in 
Figure 33, which shows averaged data from one measurement 
run from this subject. Also evident in this run is a 
double peak in the acceleration spectrum, which may be 
due to transmission of tremor from other parts of the 
body. The observed differences in the peak frequencies of 
the extensor/flexor emgs are not consistent with the 
theory that shivering muscles synchronously co-contract. 
Comparison of Figures 31-33 with acceleration spectra 
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TABLE 14 
Hand shivering tremor spectra: dominant frequencies 
and coherence (f =acceleration; f =extensor 
a e 
emg; ff=flexor emg) . 
SUBffiCf RUN NO PEAK FREQUENCIES COHERENCE(FREQ) 
(Hz) 
f f ff f /f ff/fe a e a e 
2 1 8.4 8.5 9.5 0.5(8.4) 
2 9.0 9.1 9.7 
3 5.9 7.5 9.9 
3a 1 9.3 10.1 10.5 
2 9.6 6.9/9.8 9.8 0.8(9.9) 0.5(9.8) 
3 8.8 8.6 8.6 0.5(8.6) 0.5(8.6) 
4 9.2 7.8 6.7 
5 8.8 8.2 9.5 0.4(8.8) 0.5(8.4) 
6 8.6/12 8.4 9.6 0.3(8.4) 
7 8.1/10.7 8.2 9.5 0.4(10.4) 
8 10 7.9 10.1 0.5(10) 
9 7.9/10.5 7.5 10 0.6(7.5) 0.3(10) 
10 8.8 8.8 9.5 0.6(9.9) 
11 8/11.7 8 9.3 0.5(7.7) 0.5(8.4) 
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from physiological hand tremor shows that peaks power 
levels from these recordings, after normalising for 
baseband differences, are typically 20 times higher than 
those associated with physiological tremor of the 
unloaded hand. 
3.3.3. Tremor of the Hand and Upper Arm 
Recordings were made from two subjects (4b, 5) of hand 
tremor acceleration, extensor carpi ulnaris emg and 
flexor carpi radialis emg (subject 4b) or brachioradialis 
(elbow flexor) emg (subject 5) . In addition, acceleration 
in the long axis of the upper arm was recorded from an 
accelerometer taped to the side of the arm. Table 15 
summarises the dominant peak frequencies and coherence 
peak values derived from spectral analysis of these 
signals. Both subjects exhibited strong correlation 
between the 2 tremor acceleration sites. In the case of 
subject 4b, forearm carpal extensor/flexor emg peak 
frequencies were not consistently coincident with those 
of the tremor site spectra, and coherence peaks were 
absent. This is suggestive of the possibility that the 
hand tremor was largely due to muscular activity 
elsewhere in the body, transmitted through the more 
proximal joints of the arm. Peaks were evident in the 
joint emg coherence analysis of 3 runs of subject 5 at 
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frequencies close to those of the tremor acceleration 
peaks. This may be the result of reflex coupling of elbow 
flexion to the carpal muscle; alternatively it is 
possible that shivering in these two muscles was 
partially coordinated at the spinal level in the absence 
of reflex coupling. Figure 34 shows spectra for run 2 of 
subject 4b, illustrating the complete dissociation of emg 
and acceleration peaks in this subject, while Figure 35 
shows an example of the recordings from subject 5 for 
which coherence was evident. 
3.3.4. Modification of Hand Tremor with Mass Loading 
Figures 36-38 show the spectral analyses (subject 4a) of 
shivering emg signals from biceps and extensor carpi 
ulnaris, together with hand acceleration and upper arm 
acceleration, with different mass loads (0, 200, 500g) 
applied to the hand, using the balanced beam technique 
employed for physiological tremor measurements. No peaks 
were evident in either the joint acceleration or emg 
coherence analysis, which indicates that for these runs, 
despite the similar tremor frequencies, passive 
transmission to the hand from other body segments was 
small. Hand acceleration spectra exhibit a large 
attenuation of mode tremor amplitude with increased mass 
loading, together with the appearance of an additional 
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TABLE 15 
Hand shivering tremor spectra: dominant frequencies 
and coherence (fh=hand acceleration; fu=upper 
arm acceleration; fe=extensor emg; ff=flexor emg) • 
SUBJ RUN PEAK FREQUENCIES COHERENCE(FREQ) 
NO (Hz) 
fh f f f£ fh/fu f£/fe u e 
4b 1 9.9 9.9 9.6 0.8(10.2) 
2 10.1 10.1 6.4 12.7 0.7(10.1) 
3 8.9 8.9 0.8(8.9) 
4 7.0 7.0 12.8 6.8 0.7(7.0) 
5 7.9 7.9 13.3 6.8 0.7(7.9) 
6 7.9 7.9 0.7(7.9) 
7 7.2 7.2 7.2 0.8(7.2) 
8 5.4/6.7 5.4/6.7 5.4 14.2 0.9(5.8) 
9 5.8 5.8 6.3 0.9(5.8) 
10 5.1/6.7 5.1/6.7 7.8 0.9(5.1) 
5 1 8.5 8.2 8.3 0.6(8.5) 
2 8.8 8.8 8.6 8.6 0.9(8.8) 0.5(8.6) 
3 8.6 8.6 8.4 8.4 0.8(8.6) 0.5(8.2) 
4 9.3 9.3 9.0 9.0 0.9(9.3) . ＰＮｾＨＹＮＰＩ＠
5 9.7 9.7 7.7 9.7 0.8(9.7) 
6 10.4 10.4 6.5 9.3 0.9(10.4) 
7 11.1 11.1 6.0 0.8(11.1) 
8 10.9 10.9 6.4 7.6 0.8(10.9) 
9 11.1 11.1 8.0 0.6(11.1) 
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Shivering spectra: Subject 4b (run 2). 
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low frequency peak (4.3Hz) at the highest loading level. 
This may be compared with earlier spectra of 
physiological tremor of the loaded hand in another 
subject (Section 3.2.1., Figures 20 & 21), which show a 
similar, attenuated double peak under maximum loading, at 
about a third of the tremor amplitude observed for this 
shivering subject. 
3.3.5. ｌｾｦｴ＠ and Right Upper Arm Tremor 
Recordings were made in a number of subjects (1,3b,4a,6) 
of simultaneous left and right upper arm tremor 
acceleration and, in 2 cases, left and right biceps emg, 
with the objective of detecting the degree, if any, of 
commonality in shivering activity at the same segmental 
level. Table 16 lists the mode frequencies and the 
occurrence of any peaks in the joint coherence analysis 
for the subjects investigated. 
There was considerable subject variability in the 
acceleration spectra. For subject 1, shivering 
frequencies of the left and right arms were closely 
matched, and low levels of coherence (0.3) were found 
in 2 of the 4 runs at the frequency of shivering. 
Left/right peak frequencies were generally different in 
the cases of subjects 3b and 4a, and only one coherence 
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TABLE 16 
Bilateral tremor in the upper arm: dominant frequencies 
and coherence (ful' fur=left, right upper arm 
acceleration; fbl' fbr=left, right biceps emg; 
NC=no coherence) . 
SUBJ RUN PEAK FREQUENCIES COHERENCE(FREQ) 
NO (Hz) 
ful f fbl fbr ful/fur fbl/fbr ur 
1 1 7.9 8.1 NC 
2 8.5 8.5 0.3(8.5) 
3 8.5 8.5 0.3(8.5) 
4 8.5 8.5 NC 
3b 1 8.5 8.5 NC 
2 8.7 9.2 NC 
3 9.3 8.7 NC 
4 8.8 8.8 NC 
5 9.0 8.6 0.6(9.8) 
4a 1 7.7 8.1 NC 
2 7.5 6.9 7.3 NC 
3 7.5 6.8 7.3 6.9 NC NC 
4 7.7 7.4 9.5 9.5 NC 0.6(9.1) 
6 1 7.9/10 7.0/10.6 NC 
2 8.3 11.0 NC 
3 10.4 8.6 0.4(10.0) 
4 9.0 9.0/11.0 9.6 NC 
5 6.5 6.5/11.2 6.4/9.9 6.4/11.4 0.7(6.5) 0.2(6.4) 
6 8.7 9.2 NC 
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peak was observed (0.6, subject 3b), at a frequency 
higher than the associated acceleration peaks. Even 
greater differences in acceleration peak frequencies 
were evident in some of the runs of subject 6, who also 
produced double peaks in some spectra. For the 2 runs in 
this subject for which left/right peak frequencies were 
identical, one exhibited no coherence while the other 
exhibited a high coherence peak (0.7) at the tremor 
frequency (6.5Hz). The occurrence, for this run, of 
biceps emg spectral peak frequencies close to the tremor 
frequency and a small coherence peak (0.2) in the joint 
emg analysis is suggestive of the presence of, in this 
case, a degree of neural coordination in the shivering. 
The fact remains, however, that any of the observed 
coherence peaks might derive from passive, mechanical 
transmission of tremor from, for instance, the trunk. 
3.3.6. Biceps/triceps activity 
Spectra were produced from the simultaneous recordings of 
biceps and triceps emg of 4 subjects during shivering. 
There was little evidence of consistent coordinated 
flexor-extensor emg activity at shivering tremor 
frequencies. Spectra were generally broad peaked or 
contained multiple peaks, whose mode frequencies differed 
between the two sites. Only one recording showed any 
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Shivering spectra: partia11y coherent biceps/triceps 
emg activity. 
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degree of coordination between the two muscles, with a 
coherence peak (0.5) at ?.3Hz (Figure 39). This is 
somewhat surprising in view of the widely held belief 
that shivering involves the synchronous coactivation of 
extensor-flexor muscle groups. 
3.3.7. Spinal cooling 
The experiment procedure is described in paragraph 2.3.4. 
The total time of monitoring was 3460 seconds. Subject 
core temperature fell uniformly from 37.06°C to 36.71°C, 
and skin temperatures of the uncooled regions remained in 
the range 32-36.5°C. The skin temperature of the ice-
cooled spinal region dropped to l4°C after 20 minutes and 
stayed at 14-l6°C for the remainder of the monitoring 
period. There was no evidence of shivering either from 
visual observation or study of the accelerometer and emg 
signals. The subject reported occasional sensations 
suggestive of the imminent onset of shivering, although 
this was not accompanied by any measureable increase in 
deltoid muscle tone. 
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CHAPTER 4 DISCUSSION OF RESULTS 
4.1. General Observations 
The investigation was designed firstly to obtain the 
characteristic frequency distributions of normal 
physiological and shivering tremor in the limb muscles of 
a sample of human subjects and, secondly, by 'disturbing 
the system' , and studying the consequential mechanical 
and neural responses, to seek clues as to the mechanism 
or process responsible for the two types of tremor. In 
choosing the most appropriate measurands for this task, 
there seems to be no doubt that recording of limb 
acceleration at a well defined site is an essential 
component. This is supported by its almost universal use 
in other studies. The choice of the best technique for 
investigating the nervous action which is associated with 
or responsible for the tremor is less unequivocal. 
Carefully located surface emg recording has the benefit 
of being non-invasive. Furthermore, compared with 
alternative methods using, for instance, in-dwelling 
electrodes, the derived signals are better correlated 
with the mass acti.on of a target muscle, since the latter 
tend to emphasize the nervous ｡｣ｴｩｶｩｾｹ＠ of only a few 
motor units. In some cases, for instance where evidence 
of the temporal relationships of the action of individual 
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motor units is sought, this may be an appropriate 
technique. The main disadvantage of the surface emg is 
its inability to monitor effectively the activity of any 
but the most superficial muscles. It is therefore 
possible that, where several synergist extensor or flexor 
muscles act on a joint in parallel, the deeper muscles 
may at certain levels of recruitment be solely 
responsible for the limb tremor, but surface electrodes 
will be unable to discriminate their activity from that 
of the overlying muscles. In this study, this potential 
source of error was partially mitigated by ensuring, by 
observation of the background emg activity, that the 
muscles monitored were involved in the maintenance of the 
posture of the controlled limb against gravity, in the 
configuration for which tremor activity was recorded, 
since all the evidence presented here suggests that 
muscle tone is an essential precursor to significant 
levels of tremor. 
The choice of the number of simultaneous recording sites 
(two acceleration, two emg) was a compromise based on the 
available equipment for recording and spectral analysis, 
and the need to restrict the quantity of data derived 
from multiple recordings from a number of subjects to 
manageable proportions. For some of the experiments 
alternative extensor/flexor muscle sites were monitored 
to investigate the possibility that tremor was 
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predominant in a particular muscle. It is estimated that 
up to 8 channels of emg measurement would be desirable 
for more comprehensive monitoring of the muscles 
controlling hand movement. 
4.2. Summary of Observations - Physiological Tremor 
4.2.1. Finger Tremor 
The results from Experiment 1 indicate that the proximal 
lumbrical muscle is not involved in normal tremor of the 
outstretched index finger since little or no electrical 
activity accompanying finger tremor was detected in the 
lumbrical emg. Lumbrical muscles are concerned with fine 
control of voluntary digital movements so it is entirely 
possible that they could contribute to overall tremor 
when such movements occur, although this contribution 
will be limited by the small forces they generate. 
Earlier suggestions (Stiles & Randall, 1967) that the 
lowest frequency band of finger tremor, 5-13Hz, is in 
reality hand tremor transmitted by the finger, are not 
supported by the findings here, since comparison of 
tremor spectra from the two sites indicate that the 
opposite occurs when the finger is extended, while tremor 
is abolished at both sites when the finger is relaxed. 
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The existence of at least two peaks in the finger tremor 
spectra of most of the subjects concurs with the 
findings of Stiles and Randall. In the case of one 
subject (PR), only one, higher frequency peak was 
present, while another subject (MP) showed a third peak 
in a similar high frequency band, suggesting the presence 
of multiple mechanisms underlying the expression of 
tremor. This may in part also be responsible for the 
variability in the association between extensor emg and 
tremor acceleration. For the majority of the subjects, 
where a correlation is absent, the responses could be 
explained by passive wideband forcing of the resonant 
finger, while for those exhibiting a higher degree of 
correlation in the lower frequency band, a reflex loop 
mechanism may have made a dominant contribution to the 
tremor. 
Experiment 2 was conducted to look for evidence of 
coordination in left/right index finger tremor at the 
spinal or supraspinal level. The statistical analysis of 
spectral mode frequencies of the data from the two sites, 
in three arbitrarily defined bands, showed that there 
were no overall systematic differences between the tremor 
frequencies at the two sites. Significant differences 
were found, however, in the lowest frequency band 
acceleration spectra for 3 of the 7 subjects. A detailed 
coherence analysis of left/right finger acceleration 
154 
found no evidence of spectral correlation in the signals. 
These joint findings are suggestive of the behaviour of 
two independent but similar processes with no underlying 
central coordination in action. This does not exclude the 
possibilty of a common mechanism, such as the action of 
hormones, which while not in operation during these 
tests, may in other circumstances influence the level or, 
for that matter the dominant frequencies of the tremors, 
by mutual action on the parameters of these independent 
processes. Partial coherence peaks in the left finger 
between acceleration and extensor emg signals were 
observed in some but not all of the subjects, which in 
some cases coincided with all three peaks observed in the 
corresponding acceleration spectra. The less than 
complete coherence can be explained by the presence of 
energy in the tremor which derives from random, 
uncorrelated activity, either in the muscle monitored or 
other muscles involved in digital movements. For those 
cases exhibiting peaks in the tremor autospectra but 
where coherence is absent, wideband, random forcing of a 
structure exhibiting multiple, passive resonances may be 
largely responsible. 
Measurement of the modification to finger tremor spectra 
by mass loading showed that there were considerable 
differences between subjects in terms of the pattern of 
changes which occurred. In three of the subjects there 
155 
was a reduction of lowest band acceleration peak 
frequency with increased load, accompanied by a 
relatively invariant emg peak, at or above the unloaded 
acceleration peak frequency. From one of these subjects 
there was evidence of an unmodified component of tremor 
accompanying the reduced frequency peak at maximum mass 
loading. The remaining subjects had low band peaks 
relatively unchanged by loading. However, in one case 
there was a peak frequency decrement with load evident in 
the highest band which is in accord with the study of 
Stiles and Randall for a range of smaller masses. As a 
result of these inconsistencies it is therefore difficult 
to infer the behaviour of a single mechanism. Rather, it 
would appear that a number of processes are conjointly 
responsible for the tremor, and that their relative 
contribution differs between the subjects, or under 
different conditions in the same subject, thus altering 
the effects of mass loading. This may in part be 
responsible for conflicting descriptions in the past of 
typical finger spectra and their changes with external 
loading. 
4.2.2. ｈｾｮ､＠ Tremor 
Hand tremor acceleration spectra differed from those of 
the finger in that they normally displayed only one 
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dominant peak, in the region of 6-10Hz for the unloaded, 
outstretched hand. Additionally, in contrast to the 
finger a repeatable decrement in hand tremor peak 
frequency with increased mass loading was observed in all 
of the subjects tested. Like the finger, there was no 
corresponding decrement in extensor emg peak frequency, 
which in all cases remained near or above the tremor 
frequency of the unloaded hand. In at least one subject 
vestigial, frequency-invariant peaks were observed in the 
acceleration spectra accompanying the mass-modified 
peaks, at the same frequency as and coherent with the 
unmodified emg peaks. There therefore appears to be 
evidence of an additional rhythmicity which is 
independent of the mechanical parameters of the limb. 
Analysis of the acceleration dominant peak frequency 
dependence on added mass showed that it could be 
approximately modelled as constant power wideband forcing 
of a linear second order mass-spring system with 
parameters determined by muscle stiffness (maintained 
constant) and effective inertia of the hand plus added 
masses. However, the reduction in peak power seen to be 
associated with increased hand mass is contrary to what 
would be expected from this simple model, for which an 
increased mass could be expected to result in a smaller 
damping ratio and an increased peak power. A possible 
explanation is that the power distribution in the net 
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neural drive to the muscles contributing to the tremor is 
sharply attenuated at low frequencies, which is borne out 
to some degree by the shape of the recorded emg spectra. 
Analysis of the data from the experiment designed to 
study the effect of changes in muscle tension at constant 
mass, resulting from systematic changes in applied force 
loads, did not fit the simple, passive mass/spring model 
proposed. Joyce and Rack (1974) have shown that, within a 
limited range (2-12Hz) and by a suitable choice of 
externally applied masses and springs, tremor at the 
elbow increased in frequency with higher spring 
stiffnesses in accordance with this simple model. They 
also showed that when the limb was loaded so that its 
natural frequency was within the range 8-12Hz the tremor 
became regular and large in amplitude, while with natural 
frequencies higher than 12Hz two tremor components were 
observed, one at the natural frequency of the external 
elements and one in the range 8-12Hz, unaffected by 
increased spring stiffnesses. They attributed the latter 
to spontaneous oscillation caused by instability in a 
neural reflex loop. It may therefore be expected that a 
similar frequency dependence on system stiffness would be 
observed for tremor at the hand, whereas in the present 
study the behaviour was strikingly different, in that the 
increase of mode frequency was far too small to be solely 
attributable to changes in natural frequency of a passive 
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system. The large increase in mode power levels was also 
incompatible with the behaviour of the simple model 
excited at a constant level. A possible explanation is 
that the increased muscle tone at higher force loads not 
only results in enhanced stiffness but also progressively 
brings into play a reflex mechanism. This would 
inevitably reduce the frequency-modifying influence of 
increased muscle stiffness in one of two possible ways: 
(i) Increased neural activity and muscle tone could 
progressively 'recruit' distributed proprioceptive reflex 
pathways whose frequency-dependent parameters (eg 
transmission delay) largely determine the system 
resonance. This would be excited by the greatly increased 
wideband voluntary excitation of the motor pool which 
could explain the large power increase with high loads. 
The system may be highly resonant, but would still act 
like a stable, negative feedback control system for 
normal volitional movement purposes. 
(ii) At some level of increased muscle tone a combination 
of enhanced loop gain and transmission delay in the 
reflex path could result in net positive feedback and 
self-sustained oscillation at a frequency only marginally 
affected by muscle stiffness. Oscillation would, in this 
case, be independent of the power distribution in the 
voluntary drive to the motor pool, which would simply 
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provide the pre-conditions (ie reflex gain parameters) 
for tremor to occur. 
The development in this experiment of highly coherent, 
frequency-correlated emg activity signals favours the 
existence of reflex action, since a wideband excited, 
open loop system would not be expected to exhibit any 
significant alteration in the frequency distribution of 
the excitation. The question remains how to distinguish 
between the two proposed alternative expressions of 
reflex activity, since the same, peaked forcing signals 
(emg) could be expected to be recorded in either case. 
Verification of proposition (ii) may be possible if by 
some means the same kind of modification to the notional 
reflex loop parameters could be made in the ｱｑｾｾｮ｣･＠ of 
ｶｯｬｵｮｴ｡ｲｾ＠ drive. Any resulting tremor would be evidence 
of reflex instability. However, it would still be 
necessary to explain how the tremor ｾｭｾｬｩｾｾ､･＠ is limited 
to the levels observed in practice, since an oscillator 
requires some form of amplitude-dependent nonlinearity to 
prevent excursions from growing without limit. Also, 
proposition (ii) could only accommodate the observed 
dependence of tremor power on muscle recruitment level if 
the level of limiting was similarly dependent. 
For proposition (i) to be established it would be 
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necessary to show that there is sufficient power in the 
neural signals in the region of tremor frequency (say, 8-
12Hz) to sustain the tremor amplitudes observed. This is 
equivalent to estimation of the summated twitch forces in 
the muscles contributed by the latest-recruited motor 
units (see para 1.5.3.) in the tremor band. An estimate 
of the damping factor of the muscle/limb system would 
then be necessary to determine whether these forces are 
sufficient to overcome the damping losses. 
Neither of these descriptions are adequate to explain why 
the low band postural tremor frequencies observed in 
limbs (eg, finger, hand, foot) of markedly different 
sizes and distances from the motor pool are so similar. 
Although there is evidence from this study that the 
reflex loop may be an important determinant of tremor, 
efforts elsewhere to relate tremor frequency to reflex 
path length (and hence transmission delay) have been 
unsuccessful. 
The measurements of postural hand tremor frequency over 
extended periods of time showed that essentially random 
changes occurred in the spectral mode frequencies. In one 
subject the variation was as high as 26% of the mean 
frequency estimated over 6 hours. It therefore appears 
that the tremor frequency distribution is not solely 
determined by the mechanical parameters of a discrete 
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muscle/limb system, which are unlikely to change over 
this time. A possible explanation is as follows. Postural 
maintenance of the hand will be effected by the combined 
influence of flexor and extensor muscles in the forearm. 
It is possible that a range of strategies, based on how 
the net gravity-resisting force on the hand is 
distributed among the different muscles, are available to 
achieve the voluntary positioning of the hand. If the 
choice of strategy is subconscious, unpredictable and, 
furthermore, influenced by the immediately previous 
history of muscular activity, then the effective combined 
mechanical properties (muscle mass and stiffness) may 
alter, and be reflected in a change in resonant 
frequency. 
The results of the force loading sequences repeated at 
2hr intervals showed that mode frequency variance with 
time became much smaller at the higher applied loads. 
This may result from either a reduction in the range of 
available posture-maintaining strategies (eg, exclusive 
recruitment of extensor muscles) or from the increased 
influence of a time-invariant reflex loop action. 
If these interpretations are correct, they again signal 
the need for caution when comparing results from sets of 
tremor data recorded at different times and under 
different experimental conditions. 
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4.3. ｓｵｭｭｾ＠ of Observations - Shiveripg ｔｾ･ｭｯｲ＠
4.3.1. ｓｨｩｶ･ｾｩｮｧ＠ Tremor of the Hand 
As described in 1.9., one of the originally planned 
objectives was to study for comparison purposes the 
behaviour of shivering tremor in the hand under a range 
of external loads similar to those employed in the 
earlier experiments on physiological tremor. In practice, 
it was found that except for one subject it was not 
possible reliably to apply the tests. This was due to the 
frequent presence of whole-body shivering of an amplitude 
greatest in the central regions and the failure of the 
arm clamping assembly effectively to isolate the hand. 
Additional complications were the inability of the 
subjects to provide the necessary degree of cooperation, 
and the episodic nature of the shivering, so that it was 
necessary to record over extended periods and identify 
for analysis those corresponding to visibly observed 
shivering. The investigation was therefore modified to 
include a study of shivering responses in the upper arm 
with the aim of identifying hand tremor components 
induced by coupling from the body's central region. 
Shivering tremor of the hand was shown to occur in a 
frequency band similar to that of physiological tremor 
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but was of greater amplitude. In 
subjects clear differences 
a number of shivering 
were evident in the 
frequencies of flexor and extensor emg activity, which 
indicates that in these cases synchronous coactivation of 
antagonist muscles was absent. Stuart (1963) has reported 
that the lack of synchrony is a feature of 'preshivering 
tone' with which is associated a fine tremor of the iame 
amplitude as physiological tremor. However, in this study 
the hand shivering amplitude was 5 times greater than 
that of previously recorded physiological tremor in the 
unloaded hand, which suggests that synchrony is not a 
prerequisite for more vigorous shivering. A further 
important observation in this study was that between 
episodes of shivering muscle activity fell to low levels, 
so that preshivering tone did not appear to be an 
essential precursor to shivering of the muscles 
monitored. 
High levels of coherence at tremor frequency were 
consistently shown in hand and upper arm tremor 
acceleration spectra of two of the subjects. In one of 
these, associated hand extensor/flexor emg activity was 
uncorrelated with tremor motion. In the other subject, 
coherence was evident between hand extensor and elbow 
flexor at shivering frequency. These results indicate 
that hand and arm tremor motion had a common origin, most 
probably as a result of passive transmission, but 
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accompanied in some cases by a degree of motor 
coordination at the spinal level. 
Mass loading of the hand was achieved in one subject 
during which mechanical transmission of tremor from the 
upper arm was shown by coherence analysis to be small. 
The development of a double peak in the hand acceleration 
spectrum with increased mass loading was demonstrated. 
Although the single observation is not conclusive, these 
responses suggest the combined operation of both mass-
dependent and mass-independent modes of tremor. A single 
linear input-output system which, with or without 
feedback, could exhibit this behaviour would require at 
least a fourth order transfer function to generate the 
required pairs of oscillatory roots. Alternatively, the 
spectrum could represent the summation of two independent 
systems of lower order. However, in either case 
modification of the transfer function, such as would 
occur with changes of inertia of a mechanical system, 
would in general change both resonant frequencies. 
Nonlinear models, embodying one or more feedback paths 
with time delays have characteristic equations with a 
theoretically infinite number of roots. Oguztoreli (1975) 
has shown that such a system, modelled on skeletal motor 
control, may exhibit multiple oscillatory modes, some of 
which are independent of changes in energy storage 
elements (eg, inertia in mechanical systems) . 
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4.3.2. llP-Rer Arm Shivering 
Measurements of bilateral upper arm tremor showed that 
shivering could occur at different frequencies and 
without coherence. It it therefore unlikely that even at 
the same segmental level shivering derives from a common 
rhythmicity in descending motor nerve impulses. A 
surprising observation was the frequent absence of 
coherence in the activity of antagonist muscles, despite 
the fact that recordings were conducted when subjects 
were shivering vigorously. Co-contractionsduring 
shivering of muscles controlling limb movement are 
generally considered to function to limit limb 
excursions, thereby preventing additional convective heat 
loss to the environment which would nullify the 
increased metabolic heat generated by ｮｯｮＭｩｳｯｾ･ｴｲｩｾ＠
contractions (Stuart et al, 1963) . It is possible that 
full shivering had not developed in these muscles despite 
visual evidence to the contrary. A more likely 
explanation is as follows. The averaged spectra in this 
study were generated from tremor measurements over 
relatively long periods, typically 120 seconds. If 
flexor/extensor contraction frequencies are different but 
close together, cyclical variations in synchrony will 
occur at the difference frequency, accompanied by 
significant periods of apparent co-contraction. This may 
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also be responsible for the waxing and waining of tremor 
amplitude often observed during shivering and, averaged 
over time, will still result in a reduction of tremor 
amplitude. The increased tone in other synergist muscles 
in the limb involved in shivering will also serve to 
limit limb excursions during periods of alternating 
contractions. 
Stuart (1966) has shown that shivering in functionally 
related motor pools of the cat may be asynchronous, and 
has also reported a similar lack of synchrony in some 
humans, which again suggests that, contrary to common 
belief, co-contraction is not a universal characteristic 
of shivering. 
Localised cooling of the spinal region by external 
application of an ice bag failed to evoke shivering in 
one subject. Since the temperature difference between 
body core and surface was of the order of 20°C some 
depression of spinal cord temperature is inevitable. 
Thermal conductance of the skin of the trunk is known to 
remain high when cooled (Aschoff, 1972) since 
vasoconstriction is limited, and there will therefore be 
a considerable shunting effect, with surface heat loss 
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being supplied by blood flowing through the skin and 
other tissues overlying the spine. Nevertheless cord 
temperature is likely to have fallen to a level similar 
to that experienced by the subjects in this study who 
were cooled by uniform reduction of the environmental 
temperature. The absence of a shivering response 
therefore indicates that isolated cooling of the spine to 
these levels is not a significant determinant of 
shivering in man. Clearly, confirmation of this by a 
further, accurately monitored reduction in spine 
temperature is desirable. A technique to achieve this was 
considered beyond the scope of this study. 
4.4. Models for Tremor 
An important benefit of spectral analysis of signals 
derived from a physical system is that the results may be 
compared with those obtained from analysis of systems 
whose structure and behaviour is well understood. This 
comparison may then allow approximate models to be 
developed whose building blocks may form a more or less 
adequate representation of the components and structure 
of the system under investigation. This process is 
greatly facilitated if the test system is amenable to 
excitation so that frequency analysis of its responses to 
standard forms of excitation can be performed. 
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In the case of a complex physiological phenomenon like 
tremor, which reflects activity of the whole of the motor 
nervous system, the opportunities to do this are severely 
limited by the inability, in humans, to isolate portions 
of the system and inject appropriate excitation without 
compromising its innate action. An alternative approach 
is, as adopted in this study, to modify externally system 
parameters which are likely to play a part in determining 
the characteristic behaviour of the system. A useful 
extension to this approach, though not examined here, may 
be stimulation of the motor nerve controlling a resting 
limb muscle, at a frequency well above that of tremor, to 
investigate the effect on tremor spectra of artificially 
modifying muscle tone. 
A number of factors serve to limit the effectiveness of 
modelling tremor. Even for the case of an individual 
muscle, a process of 'black box' lumping together of the 
action of many parallel nervous pathways, both effector 
and reflex, each of whose influence on the muscle fibres 
and spinal motor pool is inherently diffuse, is 
inevitably a gross simplification of the true behaviour. 
Additional complexity derives from thefact that the forces 
involved in limb tremor may result from the simultaneous 
action of several muscles. The process of transducing 
nervous impulses into the effector force is undoubtedly 
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nonlinear, as is the opposite reflex action of muscle 
spindles, and even to the extent of embodying action 
thresholds, which means that linear analysis techniques 
may in some cases be inappropriate. 
Despite these reservations, any system which exhibits 
resonant or oscillatory responses, as evinced by 
inspection of signal spectra, is governed by the same 
underlying principles of alternating energy storage modes 
as an ideal linear system. Similarly, most systems 
exhibiting self-maintained oscillation, linear or not, 
require feedback paths which provide a mechanism for 
frequency selective positive feedback to occur. Linear 
modelling and spectral analysis still therefore provide 
valuable descriptive tools for investigation. 
As a result of reviewing earlier work in which there is 
some evidence of confusion, it is considered to be 
important to distinguish between a filter and an 
oscillator. A linear filter acts to transmit selectively 
a signal over a range of its component frequencies. It 
may or may not embody feedback paths, but in either case 
the spectrum of its output will be the product of the 
spectrum of its input and the frequency response of the 
filter. As a corollary of this, no input results in no 
output. When excited by a signal exhibiting a broad range 
of frequencies, its output spectrum will too, in general, 
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consist of a continuous curve with energy in the output 
signal spread over range of frequencies which, depending 
on the design, contains maxima or minima. In contrast, a 
perfectly linear feedback oscillator will have an output 
spectrum which consists of a discrete line (delta 
function) at the frequency of oscillation. Small 
departures from linearity will result in the generation 
of additional spectral lines at integer multiples of the 
funda.mental frequency. Though, in theory, oscillation 
amplitude can increase without limit, in practice the 
output of a real oscillator will be limited by the 
inevitable nonlinearities at the extremes of its dynamic 
range. An oscillator may continue to transmit signals 
applied to an input while undergoing self-maintained 
oscillation, in which case its output spectrum may be 
composed of a mixture of continuous and line components. 
As discussed in paragraph 1.5.1., the isolated muscle 
together with an external load has been modelled as a 
system with a fourth order forward transfer function 
having one pair of complementary oscillatory roots. This 
model assumes that the net forces applied to the external 
load are the result of the linear summation of twitch 
forces generated in the individual muscle fibres. 
Modulation of the load displacement is assumed to result 
from the combined action of changes in alpha neurone 
spike frequency (up to the level of tetanus) and fibre 
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recruitment. Figure 40 shows a block schematic of a 
single motor muscle system with an inertial load and with 
sensory feedback with negligible transit delay. In this 
model, tendon stiffness >> muscle stiffness, so that 
integrated sensory feedback accurately reflects load 
displacements at a particular recruitment level. G(s), 
which includes the external load as a parameter, is given 
by 
G (s) = 1 
(s+a) (s+b) (s+c) (s+d) 
where a,b are real and positive, and -c,-d are complex 
complementary roots. Element K of Figure 40 represents a 
gain factor. 
H(s), which represents the spindle response, is the sum 
of proportional and derivative terms (paragraph 1.5.2.) 
and may be expressed as 
H (s) = (s+d) 
where d is a rate constant expressing the relative 
contribution of the two terms. H1 represents a 
sensitivity factor. 
The solution for the roots of 
G(s)H(s) = _1_ 
H1K 
provide the trajectories of poles of G(s)H(s) in the s-
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plane as product H1K is varied from zero to infinity. The 
precise description of these trajectories will depend on 
the initial values of the roots for H1K -> 0. However, 
for this model, as H1K is increased, the ｾｯｴ･ｮｴｩ｡ｬ＠ exists 
for oscillatory roots to move towards and cross the 
imaginary axis of the s-plane as indicated in Figure 41, 
which is a condition for self-maintained oscillation. 
The forward path transfer function will be highly 
dependent on prevailing fibre recruitment level and 
muscle length from a number of sources. Muscle length 
will directly affect gain sensitivity, K, by virtue of 
the length-tension curve of skeletal muscle. Recruitment 
level will also influence the value of K, in that the 
contribution to net muscle force by twitch rate 
modulation will be increased as more fibres are 
recruited. Similarly, an increase in recruitment will be 
accompanied by increased muscle stiffness and viscosity, 
having an additional direct effect on the loci of roots 
in the s-plane. 
Spindle sensitivity, H1 is a direct function of both 
muscle length and fusimotor activity, while rate 
constant, d may be expected to change with the 
proportions of dynamic and static gamma axons implicated 
in sensory feedback. Sensitivity may also be susceptible 
to level of muscle recruitment, since as a measure of the 
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integrated response of spatially distributed spindles to 
whole muscle contraction, its magnitude is likely to 
depend in some degree on how effectively spindles are 
coupled to extrafusal fibres, which itself may depend, at 
a given muscle length, on the fraction of contracted 
fibres. 
The foregoing argument attempts to emphasise that the 
structure exists in skeletal muscle for oscillatory or 
unstable behaviour to occur even in the absence of 
transmission delays in sensory feedback loQP-s. The model 
predicts a decrease in spectral mode frequency with 
increasing external inertial load through its effect on 
oscillatory roots c, d, as observed in this study. 
However, in this model, increases in muscle recruitment 
level and muscle stiffness associated with external 
loading would be expected to cause a marked increase in 
mode frequency (Figure 41), which was not evident in the 
study. It should also be noted that the model excludes 
the possibility of multiple oscillatory modes observed in 
this study. 
The feedback factor, H(s), is more accurately represented 
by 
H(s) = (s+d)e-sT 
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where T is the spindle-alpha-extrafusal fibre 
transmission delay associated with axon spike propagation 
(alpha neurones are assumed to act as summing elements 
with negligible delay) . It is not possible to represent 
its effect on closed loop response using standard root 
locus methods. However, an intuitive appreciation of the 
effect of this delay follows from the fact that it incurs 
a continual, linear-with-frequency negative change of 
phase of the feedback signals. Since a condition of 
regenerative oscillation is a net loop phase change of 
360° it can be seen that, provided loop gain remains high 
enough, oscillation may occur at an infinite number of 
discrete frequencies, separated by 
f = 1. Hz 
T 
Analysis by Oguztoreli (1976) has shown that a similar 
feedback system with transmission delay can exhibit 
multiple, simultaneous oscillatory modes. Furthermore, he 
showed that the effect of a delay was to 'decouple' the 
modes, in that a mode whose frequency was determined by 
muscle/external load mechanics co-existed with one or 
more modes governed by feedback delay time but largely 
independent of external load parameters. 
In interpreting the tremor spectra observed in the 
experiments described here, mention has been made of the 
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fact that limb tremor may reflect the simultaneous 
activity in several independent muscles with differing 
mechanical properties, a consequence of which may be the 
occurrence of multiple peaks in limb acceleration 
spectra. Other factors which may influence tremor 
behaviour are the spatial and temporal distributions 
inherent in the structure of the motor system. Extrafusal 
fibres in a muscle differ widely in size, contractile 
tension and speed, tnerefore the single-valued parameters 
of KG(s) of Figure 40 will in practice be replaced by a 
continuum of values, which will reflect in a 'spreading' 
in the spectra of whole muscle tremor. Despite the fact 
that spindle projection to the motor pool is highly 
integrated (single afferent fibres project to nearly all 
homonymous motor pool neurones) there is evidence (Cohen, 
1953) that there is spatial differentiation within the 
body of a muscle of the potency of the stretch reflex 
resulting from a somatotopic aspect to the afferent 
projection. This leads to the possibility that self-
maintained oscillation may at times be localised, to an 
extent determined by the degree of muscle recruitment 
(This may provide an explanation of the evidence in this 
study of vestigial frequency-invariant spectral modes in 
mass loading recordings of hand tremor (see paragraph 
3.2.1.)). Figure 42 indicates one possible model of the 
distributed organisation of the motor system and its 
sensory feedback paths. 
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In discussing the influence of a reflex loop on the 
oscillatory behaviour of limb muscles, tacit reference 
has been made to the direct, mainly monosynaptic loops 
restricted to motor neurones in the spine. Muscle 
proprioceptors also project to spinal dorsal column cells 
which communicate with regions of the cerebellum and 
provide a longer, cortical route for reflex action in the 
motor system, whose purpose is generally considered to be 
related to precise control of willed, maintained and 
target oriented movements. This indirect reflex path 
provides an alternative set of mechanisms for control of 
net feedback sensitivity in the motor system, and may 
well be implicated in the genesis of pathological and 
stress-induced tremors. However, since there is no 
evidence of descending spinal rhythmicity at 
physiological and shivering frequencies, it seems 
unlikely that this pathway contributes to these tremors. 
An additional spinal neuromuscular feedback route is 
provided by Golgi tendon organs. Their lb afferent fibres 
make polysynaptic, both inhibitory and excitatory 
connections to motor neurones. However, it is known that, 
compared with spindles, their projection to homonymous 
motor neurones is relatively limited. Rather, information 
from tendon organ afferents of an individual muscle may 
reach nearly all motor neurones of a limb, unrestricted 
by flexor/extensor functional divisions. This suggests 
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that they are not primarily concerned with regulation of 
the properties of their homonymous muscle, so that their 
influence on tremor generation in an individual muscle 
may be small. 
Tendon organs, by virtue of being in series with the 
extrafusal fibres at the boundary of muscle and tendon 
tissue, respond to stretch induced by increases in muscle 
tension, so that their afferent signals resulting from 
muscle contraction are of opposite sense to those from 
ｳｰｩｮｾｬ･ｳＮ＠ Since, in contrast to the excitatory influence 
of spindles, they are known to inhibit homonymous motor 
neurones, their net effect is, like spindles, one of 
negative feedback. In terms of the simple displacement 
model of Figure 40, they may be represented as a feedback 
element in parallel with the spindle element, with 
tranfer function = F 1 s
2
, where F 1 is an incremental 
sensitivity factor whose magnitude is a function of the 
load mass. Over the range of masses employed, there was 
no evidence from this study of potentiation of reflex 
oscillation with increased load masses, in the finger or 
hand, which could be attributed to the action of enhanced 
loop gain by this route. 
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The presence of significant levels of physiological 
tremor in a limb is invariably associated with pre-
existing tone in the muscles controlling its movement. It 
is also often elicited during attempted maintenance of 
unfamiliar postures. Vigorous, regular tremor may be 
easily induced in the ankle or crooked arm at appropriate 
angles and degrees of voluntary co-contraction. In these 
cases the resultant tremor may involve crossed reflex 
action. This study has amply confirmed this association 
in the hand, whose tremor spectra show markedly increased 
power levels and monotonicity as force loading in 
increased. 
Under light postural loading and inertial loading, hand 
and finger tremor spectra showed broad peaks whose 
frequencies varied with inertial load and time . 
These observations suggest that under these conditions 
tremor is the result of muscle/load filtering of the 
wideband forcing of the actively contracted muscles 
supporting the limb, and the tremor frequency is 
susceptible to changes in external load. At higher levels 
of contractile muscle force, tremor becomes progressively 
more regular, and its frequency is relatively independent 
of time and changes in muscle stiffness. 
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It has been shown that a possible explanation for this is 
that muscle reflex loop gain depends on prevailing 
recruitment level. Increase in the latter may then result 
in regenerative oscillation, in all or part of the 
muscle, at a frequency determined predominantly by the 
reflex loop time delay. 
There is still room for caution in acceptance of this 
simplistic view of physiological tremor genesis. No 
systematic dependence of tremor frequency on reflex loop 
length and delay time has yet been demonstrated. 
Furthermore, it is remarkable that the proposed reflex-
mediated tremor frequencies are often so well matched to 
the natural frequencies of the limb postural stiffness 
and ｩｮ･ｲｴｩ｡ｾ＠
Shivering tremor occurs in a band of frequencies 
coincident with that of brisk physiological tremor. From 
this study, it appears that shivering is invariably 
associated with an increase in mean contraction level in 
the muscles involved. This suggests that a mechanism 
similar to that proposed for physiological tremor may be 
invoked during the shivering response to cold. One 
candidate for the common pathway responsible for its 
simultaneous invocation in the many participating muscles 
is the gamma innervation of muscle spindles. If this is 
true, in view of the lack of evidence of descending 
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rhythmicity during shivering, then activation of the 
intrafusal fibres may in some way mediate a powerful 
increase in the reflex sensitivity, leading to local, 
self-maintained oscillation of muscle contractions* 
Voluntary suppression of shivering must then be the 
result of inhibition of gamma activity. 
4.6. ｓｵｧｾｳｴ･､＠ Further Work 
The present study has provided a quantity of indirect 
evidence providing support for the stated proposals 
regarding the likely causes of physiological and 
shivering tremor. As a consequence of the work and the 
associated data analysis, it has become clear that a 
further extension of the investigation would be valuable 
to substantiate or otherwise some of the more speculative 
conclusions that have been drawn. Although by no means 
exhaustive, a number of candidate areas for further study 
are listed in summary form. 
1. Observation of the effect on tremor frequency of 
finger or hand of external inertial loads at different 
levels of force-induced muscle contraction. The results 
of this interaction would further test the proposal that 
reflex-maintained, load-independent tremor dominates at 
raised levels of contraction. 
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2. Determination of the influence of an external spring 
stiffness element on postural limb tremor. This would aid 
interpretation of the results of the force-loading 
experiments. 
3. Recording of physiological tremor spectra during 
electrically stimulated contraction of limb muscles at a 
frequency outside the tremor band, to determine the 
tremor resulting from involuntary increases in tone. 
Comparison of the results with those from the present 
study would test the proposal that tremor is independent 
of descending motor activity and correlated with muscle 
tone. 
4. Multiple electrode recording of emg activity in a 
muscle during the progressive induction of tremor to seek 
evidence of regional differentiation in contractions at 
tremor frequencies. 
5. Electrical stimulation at high frequency of limb 
muscles in the cold to determine whether this enhances or 
inhibits shivering. This could provide further evidence 
for or against the involvement of the gamma pathway in 
shivering. 
6. Identification of regions of locally more vigorous and 
uniform limb shivering. This would be beneficial in 
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overcoming some of the methodological problems 
encountered in the present study and allow a more 
effective investigation of the factors influencing tremor 
frequency. 
7. Study of the effect of changes in cortical activity on 
limb tremor. This would be an important pointer to the 
implication of long loop reflex pathways in tremor 
generation. 
8. Investigate techniques for the non-invasive control of 
spinal cooling and spinal temperature monitoring or 
prediction. 
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ANNEX A ESD/GP/12f/88 
ENVIRONMENTAL SCIENCES DIVISION 
CONSENT FORM FOR GENERIC EXPERIMENTAL PROTOCOL: 
EXPOSURE TO COLD STRESS 
I have been asked to be a subject in an experiment to study 
the body's reactions to cold, or to test the effects of 
particular clothing assemblies on the body. I may be dressed in 
a particular clothing assembly or placed in an environmental 
chamber or immersion facility, or be asked to perform exercise, 
and my body temperature is very likely to fall. 
The purpose of the experiment has been explained to me, and 
I have been told of the procedures which I shall undergo. I 
understand that measurements of several body functions will be 
made, and have been told what these will be; they are included 
in the Institute's list of standard routine procedures. 
I understand the nature of the hazards associated with this 
experiment; they are mostly rather mild, but include discomfort, 
possibly nausea and probably fatigue. I understand that the 
experimenters will guard against any excessive fall in body 
temperature or abnormalities in blood pressure or heart rhythm. 
I understand that acceptance of the risks does not abrogate 
my right to legal redress, and possible compensation, except when 
I have failed to follow the e-xplicit instructions of the research 
investigators. I fully understand that I may at any time withdraw 
from the experiment and that I am under no obligation to give the 
reason for my withdrawal or attend again for experimentation. 
The details of the experiment have been explained to me by: 
I agree to participate in this experiment and freely give my 
consent to the specified procedures being performed. 
Signature Name in Date 
ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾｾｾｾｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ ----------of subject Capitals 
Signature Name in 
of Witness . • . . . . . . . . . • • . . . . . . • • . . Capitals ......•.•..•..•• Date ••••...•.•. 
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ANNEX B 
STATISTICAL ANALYSIS OF LEFT AND RIGHT HAND FINGER 
TREMOR. 
ANALYSIS 
To investigate whether subjects had different mean peak 
frequencies for left and right hands in each of three 
frequency bands an analysis of variance was carried out 
on the following fixed factors: 
R (4 levels) - 4 runs performed by subjects 
L (2 levels) - indicating left or right hand 
These 2 fixed factors were crossed with a random factor 
subject (S) at 7 levels. 
An ANOFIX model was used to look for any differences 
between left and right hands on a subject-by-subject 
basis at the lowest frequency band. The only factor in 
the model was L, and the same analysis was carried out 
for each subject in turn. 
RESULTS 
Acceleration Spectra 
1. Frequency band f 1 
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Analysis of Variance Table for f 1 
Source Sums of DF Mean F Sig 
Squares Squares Ratio 
s 24.59470 6 4.09912 
R 0.56427 3 0.18809 0.555 NS 
RS 5.75877 17 0.33875 
L 2.00008 1 2.00008 0.576 NS 
LS 20.84065 6 3.47344 
RL 2.10504 3 0.70168 3.350 * 
RLS 3.14155 15 0.20944 
Total 59.00506 51 
Table of Means R x L for f 1 
(Subtable: S Mean) 
L Rl R2 R3 R4 RMean 
LEFT 8.83525 8.84286 8.44286 8.27985 8.60020 
RIGHT 8.96984 8.71429 9.24286 8.98571 8.97817 
LMean 8.90254 8.77857 8.84286 8.63278 8.78919 
No significant differences could be found between 
different levels of R and L when Student t-tests were 
carried out for simultaneous comparisons between R and L. 
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2. Frequency band f 2 
Analysis of Variance Table for f 2 
Source Sums of DF Mean F Sig 
Squares Squares Ratio 
s 235.72152 5 47.14430 
R 31.01638 3 10.33879 2.045 NS 
RS 70.77116 14 5.05508 
L 0.01945 1 0.01945 0.001 NS 
LS 99.31755 5 19.86351 
RL 9.62557 3 3.20852 2.035 NS 
RLS 15.76484 10 1.57648 
Total 462.23647 41 
Table of Means Rx L for f 2 
(Subtable: S Mean) 
L R1 R2 R3 R4 RMean 
LEFT 19.65516 19.86142 20.62587 19.03181 19.79356 
RIGHT 18.21772 20.59101 20.88203 19.33441 19.75629 
L Mean 18.93644 20.22621 20.75395 19.18311 19.77493 
3. Frequency band f 3 
Analysis of Variance Table for f 3 
Source Sums of DF Mean F Sig 
Squares Squares Ratio 
s 374.23174 4 93.55794 
R 160.87545 3 53.62515 10.508 NS 
RS 35.72204 7 5.10315 
L 17.31756 1 17.31756 0.400 NS 
LS 86.63697 2 43.31848 
RL 52.93131 3 17.64377 3.182 NS 
RLS 27.72785 5 5.54557 
Total 755.44292 25 
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Table of Means R x L for f3 
(Subtable: S Mean) 
L Rl R2 R3 R4 RMean 
LEFT 30.94712 29.62383 30.63092 33.27524 31.11928 
RIGHT 29.92982 29.70628 34.82901 34.46076 32.23147 
L Mean 30.43847 29.66505 32.72997 33.86800 31.67537 
Emg Activity Spectra 
1. Frequency band f 1 
Analysis of Variance Table for f 1 
Source Sums of DF Mean F Sig 
Squares Squares Ratio 
s 94.47131 5 18.89426 
R 1.46563 3 0.48854 0.785 NS 
RS 7.46838 12 0.62236 
L 0.00458 l 0.00458 0.006 NS 
LS 2.34131 3 0.78044 
RL 0.60650 3 0.20217 0.233 NS 
RLS 0.86879 1 0.86879 
Total 107.22650 28 
Table of Means R x L for f 1 (Subtable: S Mean) 
L Rl R2 R3 R4 RMean 
LEFT 9.24349 9.10771 9.11664 9.48607 9.23848 
RIGHT 9.07827 8.98903 9.48152 9.47742 925656 
L Mean 9.16088 9.04837 9.29908 9.48174 9.24752 
2. Frequency band f 2 
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Analysis of Variance Table for f 2 
Source Sums of DF Mean F Sig 
Squares Squares Ratio 
s 110.30494 5 22.06099 
R 0.27864 3 0.09288 0.025 NS 
RS 44.35895 12 3.69658 
L 2.75652 1 2.75652 0.202 NS 
LS 68.16387 5 13.63277 
RL 5.78684 3 1.92895 0.755 NS 
RLS 15.32433 6 2.55406 
Total 246.97409 35 
Table of Means R x L for f 2 
(Subtable: S Mean) 
L Rl R2 R3 R4 ｒｍ･ｾｭ＠
LEFT 18.90014 18.15405 18.61778 18.38234 18.51358 
RIGHT 17.46677 18.40396 18.04907 18.35961 18.06985 
L Mean 18.18346 18.27901 18.33342 18.37098 18.29172 
Individual Subjects 
Significant differences between the left and right hands 
on a subject by subject basis for the lowest frequency 
band are shown below. 
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1. Acceleration spectra 
Subject Left Right Sig 
MP 8.9333 9.0000 NS 
JC 7.6000 9.0500 R>L (**) 
we 8.4250 8.5000 NS 
PR 9.2000 6.9500 L>R (***) 
RS 8.2500 8.6500 NS 
PS 8.5500 9.6000 R>L (***) 
CK 9.6000 11.1000 NS 
2. Emg activity spectra 
Subject Left Right Sig 
MP 7.7000 no data 
JC no data no data 
we 9.0000 8.9250 NS 
PR 10.2000 9.3000 NS 
RS 9.4000 9.1500 NS 
PS 7.6500 7.9000 NS 
CK 11.9000 no data 
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ANNEX C 
ADDITIONAL EXPLANATORY NOTES 
1. Conversion of limb rotation to a rectilinear system. 
F 
Referring to the diagram above, angular acceleration of the limb 
about axis 0 is given by 
moment about 0 = limb inertia X angular acceleration 
and for small angular ､ｩｳｰｬ｡｣･ｭ･ｾｴｳＬ＠ e = x/d, and this reduces to 
F.d = mr2e = mr2i/d 
F = m (r/d) 2x 
where r is the radius of gyration of the limb. Rotational 
inertial force may therefore be represented by rectilinear motion 
of a mass mx = m(r/d) 2 • 
2. Model of limb resonance. 
The transient motion of a resonant limb may be approximated by a 
second order system (diagram above) whose complementary function 
is given by 
m x + ex + kx = o X 
where m is the rectilinear transform of limb mass (see note 1) . 
A solu{ion of this equation is a damped sinewave of angular 
frequency given by 
.• 
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which, for light damping, approximates to the natural undamped 
angular frequency 
ＨＮＨＩｾ＠ = (k/mx) 1/2 
3. Effective hand mass. 
In considering the .effects on limb resonant frequency of changes 
in hand mass it is convenient to define an effective hand mass, 
M, given by 
e 
M = (r/1) 2 .hand mass 
e 
where r = radius of gyration of the hand and 1 = distance between 
the joint axis and the point of attachment of added weights. 
4. Gravity force of hand. 
The contribution of the weight of the hand to force-induced 
changes of muscle stiffness is given by 
B = (1/d) .hand weight 
where 1 = distance between the joint axis and the point of 
application of external forces, and d = distance between the 
joint axis and the centre of gravity of the hand. 
5. Requirements for spectral analysis hardware. 
A number of minimum requirements of the analysis hardware were 
considered necessary for the generation of frequency spectra of 
the tremor emg activity and acceleration data: 
(i) . Sufficient speed of operation to analyse data in real 
time over a bandwidth of 0-lOOHz with a resolution of at least 
0.5Hz. 
(ii) • Automatic anti-aliasing filtering of incoming data 
appropriate to the selected analysis bandwidth. 
(iii) . Automatic windowing operation ori the data to reduce 
filter leakage. 
(iv) . Autorange amplification of the incoming data in order 
to avoid distortion and saturation by a signal of varying and 
unpredictable amplitude. 
The model 1201 analyser satisfied all of these needs. In 
addition, its ability to compute ensemble averages of sequential 
spectra and to perform real time cross spectral analysis of two . 
channels of data significantly reduced the labour involved in 
deriving reliable spectral and coherence estimates. 
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